Study on Mechanical Properties of Rice by-Products-Cement-Reinforced Sludge as Banking Materials by CHIEN PHAN THANH
Study on Mechanical Properties of Rice
by-Products-Cement-Reinforced Sludge as
Banking Materials





Graduate School of Environmental Studies 
 
 
Study on Mechanical Properties of Rice by-Products-

















July 19, 2019 
 




Mekong delta is one of largest deltas in the world in terms of drainage basin size, 
freshwater discharge, and sediment flux annually. Due to flat topography and low flow 
velocity, annually the amount of deposited sediment on the river’s bed is very huge. 
Moreover, the waterway transportations in the delta always represents 60-70% of 
total transport volume. Furthermore, the delta is severely being affected by climate 
change, global warming, and upstream development such as building of the upstream 
hydropower.  
From 2008, Vietnamese government has formulated a master plan and national 
target program to respond to the climate change and sea-level rise with the aim of 
creating irrigation systems, serving agricultural production in the new situation, 
contribute to social and economic development, eco-environmental protection and 
sustainable development.  They are attempting to dredge more canals and rivers for 
improving irrigation system and for flooding control. Moreover, they are building many 
dykes to protect big cities and farmland. As results, huge amount of sludge has been 
discharging and huge amount of soil is needed for dyke constructions.  
Moreover, the main business of the delta is agriculture and fishery industry. As 
results, agricultural by-products, rice husk and rice straw, are becoming complex 
problems. While rice straw is mainly left and directly burning on the fields after 
harvesting, rice husk is produced in large quantities in hundreds of thousands of rice 
mills all over the country. The burning will be continue as a habit of farmers on the 
coming years.  
In generals, large amount of rice by-products, especially rice husk and rice straw, 
are generating. And, large amount of sludge is discharging due to the dredging works. 
These issues are significantly affecting environmental quality and landscape. It is 
necessary to recycle the sludge into a new material as sustainable strategy for our 
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environment. Especially, if the sludge could be recycled for dyke building, it will very 
useful. In Japan, “Fiber-cement-stabilized soil method” has successfully developed and 
applied in both academic and real projects by inclusion of paper debris and cement. 
The modified-sludge has some advantages such as high strength, low brittleness, high 
durability, and so on. The method has proved that it could be applied to recycle the 
dredged-sludge. However, recently the cost of paper debris is getting more expensive 
and its availability is also a problem in some regions. Local fiber materials are highly 
recommended for substituting the paper debris.    
In the research, laboratory experiments were carried out to investigate the 
possibility to apply the “Fiber-cement-stabilized soil method” to recycle the dredging 
sludge in Mekong delta using local fiber materials rice husk and rice straw. The 
research works have addressed some mainly results. 
To evaluate the effects of randomly distributed rice husk (RH), and cement 
inclusion unconfined compressive strength and repeated drying-wetting durability 
were measured. The results indicated that the failure strength significantly increased 
with increasing the amount of RH and decreased with the decrease of particles grain 
size. However, it showed a maximum at certain amount of RH. Empirical equations 
were obtained to predict the optimum of cement and RH. Furthermore, the modified-
sludge has low durability in repeated drying-wetting conditions. The modified-sludge 
could be carried by pump or truck and apply for narrow space where back filling with 
sand and compaction are barely possible. 
Inclusion of rice straw (RS) fibers and cement on sludge was studied in terms of 
strength and durability. It showed that the inclusion of RS fibers could improve the 
sludge’s strength. Also, an equation was developed to determine the water content 
after. Empirical functions to obtain the optimum amount of RS fibers and cement were 
obtained. Moreover, a statistical model was developed to predict the value of failure 
strength. Furthermore, within one year there was no deterioration in RS fiber-cement-
reinforced sludge. The modified-sludge did not deteriorate within 10 cycles of repeated 
drying-wetting. 
Moreover, permeability and scour of RS fiber-cement-reinforced sludge by 
submerged circular impinging turbulent jet were investigated. With an increasing of 
either RS fibers content or cement content, the permeability coefficient of the modified-
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sludge could significantly reduce. Empirical equation was withdrawn to determine the 
permeability coefficient correlated to the apparent water content after curing. 
Moreover, the results indicated that scour depth decreased with either increasing of 
amount of cement or fiber materials. The modified-sludge did not erode in one manner, 
but showed a number of different types and the “mass erosion” was the dominant 
erosion type. The critical shear stress increased by increasing either cement or fiber 
materials. Moreover, the erodibility coefficient reduced by increasing of either cement 
or fiber materials. An empirical correlation of critical shear stress and erodibility 
coefficient was obtained. 
The results of this study have proved that Fiber-cement-stabilized soil method 
could be applied to recycle dredged-sludge in Mekong delta with applying locally 
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1.1 Problem definition 
1.1.1 The state-of-the-art of sludge and rice by-products in 
Vietnamese Mekong delta 
Vietnamese Mekong delta (VMD hereafter) is one of the largest deltas in the world 
in terms of drainage basin size, freshwater discharge, and sediment flux annually [1], 
[2]. It can be classified into flood plain and strand plain, with mangrove swamp along 
its shore. In addition, the delta is very flat with the average elevation is about 0.8 m 
above the mean sea level. It has two distinctly seasons, one is monsoon season and the 
other one is drought season. The climate is highly appropriate for rice cultivation. It is 
mainly covered by fertile alluvial plain and 65% of its land is used for agriculture and 
fishery [3]. The area remains active as the granary of Vietnam due to its nutrient-rich 
soils and dense canals.  
As results, agricultural by-products, rice husk and rice straw, are becoming 
complex problems. It is estimated that Vietnam produces more than 30 million tons of 
rice by-products every year [4]. While rice straw is mainly left and directly burning on 
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the fields after harvesting, rice husk is produced in large quantities in hundreds of 
thousands of rice mills all over the country. Annually in VMD, the rice husk is 
discharged more than 4 million tons [4]. There are several common methods to use the 
rice husk in the delta such as for cooking (15%), for brick kiln (40-45%), briquette 
(10%), left over (20-25%) [5]. Figure 1-1 shows a typical photo of rice husk. 
  
Figure 1-1 Rice husk 
On the other hand, the estimated quantity of rice straw is approximately of 26.2 
million tons [6]. In the delta, there are six common types of applications for the straw 
such as burning, burying, mushroom cultivation, breeding, sale, and giving to neighbors, 
in which the mostly types of treatment and management is burning with more than 
80% amount of rice straw is burned directly on the fields. The burning will be continue 
as a habit of farmers in the coming years [6]. The original rice straw is too long and 
thick for using as fiber material. Therefore, the rice straw has to pre-treat before 
applying it to modify the sludge. Figure 1-2 shows photos of original rice straw and its 
fiber. 
  
Figure 1-2 Rice straw and rice straw fibers  
Another important feature in this area is the high density of waterways. It is 
approximately 0.68 km/km2. Due to flat topography and low flow velocity, annually the 
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amount of deposited sediment on the river’s bed is approximately 160-165 million 
tons/year [7]. Moreover, the waterway transportations in the delta always represents 
60-70% of total transport volume. From 2012, Vietnamese government has developed 
the Mekong Delta Transport Infrastructure Development Project, also known as WB5, 
by supporting of World Bank for roads and highways, ports, waterways, and shipping 
systems. The general objectives of the project are to support sustainable economic 
growth and to include development in the Mekong Delta Region by increasing the 
efficiency of transport infrastructure in the Delta in an integrated and safe manner by 
means of multi-modal transport [8]. The component – National Waterway Corridor 
Improvements, aims to improve the standard and connectivity of keys waterway 
freight corridors include dredging 401 km to  the  required  widths  and  depths, bank  
protection  in  selected  area,  a  ship  lock,  bridge  improvements [8]. Figure 1-3 shows 
a map of the Mekong Delta Transport Infrastructure Development Project [9].  
 
Figure 1-3 Map of the Mekong Delta Transport Infrastructure Development Project (WB5) [9] 
Furthermore, the delta is severely being affected by climate change, global 
warming, and upstream development such as building of the upstream hydropower. 
Water flow and flood pattern will be changed significantly when hydropower dams are 
in full operation especially in monsoon season and this also will change salinity 
intrusion in dry season. In Vietnam, climate change has been extensively studied at the 
regional, and national scales. From 2008, Vietnamese government has formulated a 
master plan and national target program to respond to the climate change and sea-
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level rise with the aim of creating irrigation systems, serving agricultural production 
in the new situation, contribute to social and economic development, eco-
environmental protection and sustainable development.  In additions, a master plan of 
water resources and irrigation systems for Mekong Delta in climate changes and sea 
level rise conditions with period from 2012 to 2020 and the orientation until 2050 
(decision 1397, 2012) is issued. Contents of the decision are follows: 
 Improvement of the irrigation system, the water supply, drainage, flooding 
control, salinity control. 
 Dredge more canals to improve the flooding discharge capacity in monsoon 
season and freshwater holding capacity in dry season. Until now, many 
dredging canal and river projects are undertaken. As a result of these projects, 
a huge amount of sludge has been discharged. 
 Complete system of sea dykes, river dykes (full-dyke and semi-dyke main 
rivers and border) regulating sewerage system to prevent saltwater, to keep 
freshwater. As a result of this target, a huge amount of soil need for dyke 
constructions. 
Figure 1-4 shows a map of schematic presentation of urban and rural flood 
protection in the Mekong Delta [3]. 
  
Figure 1-4 Map of schematic presentation of urban and rural flood protection [3] 
In general sludge, rice husk, and rice straw are significantly affecting the 
environmental quality and landscape. It is necessary to recycle these materials into a 
new ground-material as a sustainable strategy for our environment. Currently, the 
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recycling rate of the sludge is extremely low because of its high water content 
properties. Most of them is intermediately transported to landfill followed by 
dehydration treatment method. However, the lack of final disposal sites, and high 
transportation costs are the posing serious problems. Therefore, the burden of illegal 
dumping seems never to end [10]. On the order hand, Vietnamese government is 
building many dykes. In order to make dyke, large amount of soil is necessary. If the 
dredging sludge could be used for constructing the dyke, it will be very useful.  
However, the dredging sludge cannot directly be used because it contains a large 
amount of water. Therefore, a method to modify the sludge to become a suitable 
material for building dyke is raised.  
Sludge is like soil with high water content. Depends on excavation methods and 
post-excavation time, water content of sludge can be reach to several hundred 
percentage. At high water content, the sludge looks like “fluid”. Its bearing capacity and 
shear strength are very low. Therefore, to increase the strength as well as bearing 
capacity of sludge, the primary purpose is reduce the water content. There are several 
methods to improve the mechanical characteristics of dredging sludge. However, as 
discussed before, the “Fiber-cement-stabilized soil method” seems to be the most 
suitable method to deal with the dredging sludge.  
1.1.2 Fiber-cement-stabilized soil method 
The stabilization of soils has been performed for millennia. For instance, the 
Mesopotamians and Romans separately discovered that it was possible to improve the 
ability of pathways to carry traffic by mixing the weak soils with a stabilizing agent like 
pulverized limestone or calcium. This was the first chemical stabilization of weak soils 
to improve their load carrying [11].  
On the other hands, the concept of fiber reinforced soil has developed since 
ancient times. Plant roots were presented as a natural means of incorporating to 
improve the properties of weak soil. The main role of short discrete fibers in the mix is 
to control crack opening through shrinkage happen by hardening procedure of cement. 
Fibers reduce the brittle characteristics of build materials. The fibers improved the 
strength of the soils and stabilized the natural slope. Fibers have been used to 
strengthen brittle building materials, for instance, straw, horse-hair, and other 
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vegetable fibers were mixed with clay to form bricks and floors [12]. Ancient 
civilizations used straw and hay to reinforce mud blocks in order to make reinforced 
building materials. There are several examples of reinforcing the soil like Great Wall of 
China (earliest example of reinforced earth using branches of trees as tensile elements), 
ziggurats of Babylon (woven mats of reed were used), etc [13]. 
Since 1966, Vidal demonstrated the improving of shear strength of the soil by 
adding reinforcing elements. After Vidal’s study was introduced, there are more than 
4000 structures have been constructed around 37 countries by applying the concept 
and principle of soil reinforcement [14]. Recently, the applications of using randomly 
discrete fiber on geotechnical engineering, not only in scientific research environment, 
but also at executive real field, have recently attracted increasing attention.  
The natural fibers reinforced soil' concept has originally developed since ancient 
times. However, randomly discrete natural fiber reinforced soil has recently attracted 
increasing attention for the second time. Therefore, they are still a relatively new 
technique in geotechnical projects. 
The “Fiber-cement-stabilized soil method” is a recycling method for high water 
content mud by adding paper debris and cement. The method has developed based on 
dealing with the difficulty of directly recycle construction sludge and water purification 
sludge. The reason for the difficulty is because the water content of these sludge is 
extremely high. Therefore, they have been discarded in the final disposal sites. 
However, the remaining capacity of the final disposal sites is decreasing and is not 
enough. Furthermore, since the transportation cost of these sludge is expensive, they 
are often thrown away illegally on the way to the final disposal sites. In result, the 
recycling rate of the construction sludge is extremely low. 
The method has evaluated on both for academic and real cases in Japan. By the 
end of March, 2014, it had been applied in 360 cases with total of 530,000 m3 in Japan 
[10]. The sludge after treated by Fiber-cement-stabilized soil method can be used as 
backfill materials or embankment’s materials to build road or river banks. The 
principle of this method is described as follows [15]–[22]: 
 As shown in Figure 1-5 (a), the sludge particles are free to move in the water 
because it is in state of low yield stress. In other words, the sludge behaves as 
“fluid”. 
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 In Figure 1-5 (b), if materials such as waste paper or textiles with high water 
absorption are added, the free water around sludge particles is absorbed by 
the fibrous materials. And then, the superficial water content of the sludge 
decreases.  
 In Figure 1-5 (c), binder materials such as cement is added. Binder’s hydrate 
reaction is occurred. Cross-linking is generated to bind soil particles and fiber 
material. As results, strength of the modified-sludge is increased.  
 In Figure 1-5 (d), the modified-sludge is cured at appropriately conditions 
such as time and temperature. Finally, the modified-sludge can be applied for 
recycle. 
 
Figure 1-5 Principle of Fiber-cement-stabilized soil method [10] 
The modified-sludge by apply the method has some advantages, such as high 
failure strength, high failure strain, high durability for drying and wetting, high 
durability for freezing and thawing, this method has more than 200 actual 
achievements. Furthermore, it was confirmed that the modified-sludge has high 
dynamic strength and high resistance for the earthquake. Figure 1-6 show photos of 
some projects which applying Fiber-cement-stabilized soil method in Japan. 
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Construction of Sewerage Pipe in Obanazawa City in Yamagata Prefecture 
  
Construction of River Bank in Hamao Area in Fukushima Prefecture 
  
Construction of Public Utility Conduit in Sendai City in Miyagi Prefecture 
Figure 1-6 Projects which applying Fiber-cement-stabilized soil method [10] 
Therefore, the Fiber-cement-stabilized soil method is considered as a good 
method to recycle the dredged-sludge in Mekong delta. However, it is very difficult to 
collect a large amount of paper debris in the delta. Moreover, the price of paper debris 
is getting higher, nowadays. Besides that, as mentioned before, this area has a large 
amount of rice husk and rice straw (agriculture wastes). If the rice husk and rice straw 
could be used instead of paper debris, the efficiency of this method is very high.  
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1.2 Aims of the study 
In general, the aims of the study were to apply the “Fiber-cement-stabilized soil 
method” to recycle the dredging sludge in Vietnamese Mekong delta by using local 
natural fiber materials rice husk and rice straw. In term of mechanical characteristics, 
the modified-sludge was studied on several features as list as: 
 Investigate the effects of adding rice husk, rice straw, and cement on 
unconfined compressive strength of sludge. 
 Study the durability modified-sludge in term of repeated drying-wetting and 
long-term. 
 Investigate the effects of adding rice straw fibers on permeability of modified-
sludge. 
 Study the influence of rice straw fibers and cement inclusion on erosion 
characteristics in conditions of submerged jets. 
 Develop empirical equations, and statistical functions. 
1.3 Literature review 
Soil often combines with four basis types: gravel, sand, silt, and clay. In case of 
sludge, it can be regarded as a combination of clay and silt [14]. Sludge has low shear 
strength, bearing capacity, permeability coefficient, and so on. For improving these 
sludge’s characteristics, reinforcement is needed. Soil reinforcement is defined as a 
technique to improve the mechanical characteristics of soil such as shear strength, 
compressibility, density, hydraulic conductivity, and bearing capacity [23].  
Reinforced soil techniques are effective and reliable techniques. The 
classification of soil reinforcement technique can be undertaken into a number of 
categories. Figure 1-7 shows the state-of-the-art of soil reinforcement techniques. 
Some of the listed techniques may have disadvantages of being ineffective and/or 
expensive and advantages effects. So, new methods are still being researched [14]. It is 
very important to know what the exactly targets to improve soft soil because for the 
same soft soil there are several techniques can be applied for. Therefore, the section 
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focuses some soil reinforcement methods that related to the research such as lime 
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Figure 1-7 State-of-the-art of soil reinforcement technique [14] 
Lime stabilization consists of mixing lime with soil to increase bearing capacity. 
It is the oldest traditional chemical stabilizer used for soft soil improvement. The 
increase in strength occurs because the calcium cations in the hydrated lime replace 
the cations present in the clay mineral. Advantages of this method are that it is good 
performance in road construction, easy availability, quick reaction, improve soil 
compressibility, and low cost [24],[25]. However, it is toxic for plants and human health 
[26]. The process of lime-treated is responsible for a considerable percentage of carbon 
dioxide emission in addition to high energy consumption. 
Cement-treated soil has been used widely in soil improvement due to its economy, 
availability and feasibility [27]. Soft soil has high water content and when cement 
added it definitely decreases its liquid limit and increase its strength as it ages while 
calcium hydroxide contributes to the pozzolanic reaction as in the case of lime 
stabilization [26]. It has some disadvantages, especially at high cement content, to 
resist to dynamic loads and durability [27]. Cement solidified materials subjected to 
repeat wet and dry cycling tests [15]. Due to the cement’s ability of using alone to bring 
the requested stabilizing action, it can be considered as primary stabilizing agent or 
hydraulic binder. The cement-stabilized soil contains enough cement to interact with 
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the fine fraction and to deprive the fines of their water affinity, but not enough to bond 
all of the soil particles into a coherent mass [28].  
Discrete fiber-stabilized soils have generally shown significantly improvements 
not only soil shear strength, also bearing capacity. The failure mechanism of a fiber-
reinforced soil depends on the acting average effective stress [29]. The fiber inclusion 
indicated that the fiber content, orientation of fibers with respect to the shear surface, 
and the elastic modulus of the fibers affect the contribution of the reinforcement to the 
shear strength. The fiber reinforcement increases the peak strength, decreases 
stiffness, and changes the cemented soil’s brittle behavior to a more ductile one [30]. 
With the fiber-reinforced, it showed that it has higher durability for drying and wetting 
cycles than cemented-soil only [15]. Compared with oriented or aligned reinforced soil, 
fiber reinforced soils with random distribution of fibers exhibit some advantages. One 
of the main advantages of using randomly distributed fibers is the maintenance of 
strength isotropy and the absence of potential planes of weakness that can develop in 
soils with oriented reinforcement [31]. The mainly effective of the fiber-stabilized soil 
is the significant increase of shear strength. Therefore, the implementation of the fiber-
reinforcement improves the soil bearing capacity because of the direct relationship of 
soil bearing capacity and shear strength. The bearing capacity is used for foundation 
designing. The relationship between shear strength and bearing capacity and the 
failure mechanism had developed by Terzaghi in 1943 [32].  
Natural fibers have been used for a long time (from ancient time to modern time) 
in many developing countries because their availability and low cost. Figure 1-8 shows 
a structure that use natural fiber reinforced soil.  
 
Figure 1-8 Rice straw reinforced soil gate in Vietnam [33] 
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Nowadays, the sustainable development is a modern tendency in the world. 
There is a need to develop friendly environmental building materials.  Therefore, the 
term “eco-composite” shows the importance role of natural fibers in the modern 
industry [34]. In followings, some features of applying natural fibers in soil reinforced 
will be discussed. There are many factors that affect to the performance of fiber in soil. 
For example, what part of the plant the fiber came from, the age of the plant when the 
fiber was harvested, how the fiber was isolated, and so on [35]. 
Previous researchers mentioned that the optimum water content of modified-soil 
increased with increasing the percentage of coir and the maximum density of modified-
soil decreased with adding of coir fiber. The compressive strength and tensile strength 
increased with an addition in the percentage of coir [36]. Natural fibers consist of lignin, 
tannin, cellulose, pectin and other water soluble substances. High lignin content 
contributes to longer service life. In wet condition, coir retains much of its tensile 
strength. Coir retains 80% of its tensile strength after 6 months of embedment in clay 
[37]. Figure 1-9 shows a cross section of coconut and coir fiber. 
 
Cross section of coconut 
 
Coir fiber 
Figure 1-9 Coconut and coir fiber [36] [37] 
Also, the inclusion of sisal reduced the dry density of the soil due to a low specific 
gravity and unit weight of sisal fiber. The increase in the fiber length and fiber content 
reduces the dry density of the soil and increased tensile behavior of unbaked soil as a 
building material. The increasing of fiber length up to 20 mm increased the shear 
strength of modified-soil. However, beyond 20 mm in length, the shear strength 
decreased with increasing fiber length. The increasing of fiber content also improves 
the shear strength. However beyond 0.75% fiber content, the shear strength reduces 
with increase in fiber content. This result suggests that long fibers and very high fiber 
- 13 - 
contents reduce the interlock of soil particles and therefore, fiber-soil particles do not 
act as a single coherent mass [38]–[41]. Figure 1-10 shows sisal plant and its fiber. 
  
Figure 1-10 Sisal plant and sisal fiber [38] 
Proctor Compaction tests and California Bearing Ratio tests have been carried out 
with jute fibers to investigate the effect of the jute reinforcement on the maximum dry 
density (MDD) and optimum moisture content (OMC) and the effect of the jute 
reinforcement on California bearing ratio. Bitumen was used for coating fibers to 
protect them from microbial attack and degradation. The results indicated that 
inclusion of jute fiber reduced the MDD and increased the OMC. However, diameter of 
the fiber did not have much effect on the maximum dry density and optimum moisture 
content. Maximum CBR value is observed with 10 mm long and 0.8 % jute fiber content, 
an increase of more than 2.5 times of the plain soil CBR value [42]. Figure 1-11 shows 
jute plant and cut jute fiber. 
  
Figure 1-11 Jute plant and its fiber [42] 
Flax plant fiber was coated by an enamel paint coating to improve the interfacial 
bond strength [43]. The experimental results showed that the adding of fiber to 
cemented-soil could significantly improve the ductility of the composite. Figure 1-12 
shows the flax plant and flax fiber.  
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Figure 1-12 Flax plant and its fiber [43] 
Soil blocks reinforced with sugarcane bagasse fibers and conducted on density, 
water absorption, compressive strength, splitting tensile strength and erosion tests 
[44]. The results indicated that with an optimum amount of sugarcane bagasse fibers, 
the modified-soil achieved better strength, and better resistance against erosion. 
Figure 1-13 shows the sugarcane and sugarcane bagasse fiber.  
  
Figure 1-13 Sugarcane and its bagasse fiber [44] 
In this research, the applied fibers are rice husk and rice straw. Until now, there 
are several researches have being studied about the including of rice husk and rice 
straw on soil composite. A study on effect of rice husk on soil samples showed that 
increasing of rice husk content could increase the soil’s strength [45]. The strength 
reached a maximum value at the optimum rice husk content. It can be applied for a 
temporary slope stabilization. In short term, it can stabilize the soil when the seeds are 
planted. In long term, when the husk degrades it act as manure for the growth of plants 
and also makes the soil airy which result in less runoff during heavy rains [45]. 
Moreover, the inclusion of wheat straw fibers increased the shear strength of 
unreinforced soil for all lengths [28]. The fibers were more severely attacked by 
alkaline medium and water when subjected to alternate wetting and drying type 
exposure than continuous immersion type exposure [46], [47].  
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1.4 Structure of the dissertation 
The dissertation consists of five chapters. 
Chapter 1 is an introductory chapter outlining the problem statement, the 
objectives of the research work, and the scope of the study. Furthermore, literature 
review and theoretical principles of some of the main articles, studies and researches 
that were needed for this research are mentioned in this chapter.  
Chapter 2 discusses the effects of rice husk, and cement inclusion on unconfined 
compressive strength, and repeated drying-wetting durability of modified-sludge. 
Empirical equations to predict the optimum additive amount of materials (rice husk 
and cement) were obtained.  
Chapter 3 shows a procedure to make rice straw fiber from original rice straw 
was produced. The effects of fiber’s length, comparison between several types of fibers, 
evaluation of optimum making condition on compressive strength of rice straw fiber-
cement-reinforced sludge were presented. Empirical optimum equations were 
proposed from experimental data. Also, durability of the rice straw fiber-cement-soil 
composites on long-term condition and in cyclic drying and wetting condition were 
conducted.  
Chapter 4 shows the experimental results of studies on permeability and on 
erosion characteristics of rice straw-cement-reinforced sludge by submerged jet. Also, 
empirical equations were developed.  
Chapter 5 is conclusions. Summaries and recommendations are presented. Also 
future study was presented. Furthermore, some implementations were proposed at 
the end of this chapter. 
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2.1 Introduction 
In this chapter, the sludge is reinforced by adding rice husk and cement. It is 
named as rice husk-cement-reinforced sludge. As follows, principles of modified-
sludge are described.  Figure 2-1 shows a sketch of the material. 
 Figure 2-1 (a) simulates a natural sludge sample. Because of the high moisture 
property and low yield stress, sludge particles can freely move as a fluid [1]. 
 Rice husk is added to absorb free water, controls shrinkage, and provide 
flexibility. The water content decreases as shown in Figure 2-1 (b). 
 Cement is added to reduce the plasticity and water-holding capacity of the 
sludge as shown in Figure 2-1 (c). Hydrate reactions generates and the 
sludge’s strength increases.  
The modified-sludge was investigated on unconfined compressive strength and 
durability in repeated drying-wetting. On the study, conventional compaction method 
was applied for specimens making.  
Chapter 2 
Strength and durability of rice husk-
cement-reinforced sludge 
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Figure 2-1 Sketch of Rice husk-cement-reinforced soil method 
Soil compaction is defined as the method of mechanically increasing the density 
of soil by packing the soil particles closer together causing a reduction in the volume of 
air. Soil water acts as a lubricant increasing compaction when a load is imposed on the 
soil. And it is usually no change in the processing. Purposeful compaction is intended 
to improve the strength and stiffness, and to decrease voids ratio and so permeability 
of soil. In the construction of embankments, earth dams, and many other engineering 
structures, compaction method is mostly applied [2][3].  
2.2 Materials 
Three types of materials were used: imitation sludge, cement, and raw rice husk.  
2.2.1 Rice husk 
Rice husk (RH) is the outer covering of the rice grain and obtained during the 
milling process. RH plays a role as a fiber material in the rice husk-cement-reinforced 
sludge. Generally, suitable natural fiber is selected based on the following parameters: 
 Fiber must not be hazarded to its surrounding environment. 
 It must be easily obtainable and inexpensive. 
 Its preparing method should be simple. 
 It must absorb free water in the sludge and work with the mix. 
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RH was selected as one of suitable fiber materials due to some advantages 
compared to other fiber materials. RH is a majority by-product of the rice milling 
industry and one of the most commonly available lignocellulosic materials [4]. It is easy 
to obtain and its price is also cheap. Another advantage is that it can be directly apply 
into sludge without any preparation compared to rice straw that need trimming pre-
preparation. RH has resistance against corrosion and deterioration in the soil in a 
certain period of time even though it is not specially processed. The physical and 
chemical properties of RH are found to vary from sample to sample due to type of 
paddy, crop year, climatic and geographical conditions. RH contains 75-90% organic 
matter such as cellulose, lignin ect., and rest mineral components such as silica, alkalis 
and trace elements [5].  
Two types of RH, Japanese and Vietnamese RH, were applied. Japanese RH is 
obtained in Miyagi prefecture, Japan and Vietnamese RH is collected in Tien Giang 
prefecture, Vietnam. The typical properties of RH are shown in Table 2-1, Table 2-2, 
and Figure 2-2.  
 
Table 2-1 RH’s properties 
Properties Values Note 
Hardness 5-6 (Mohr’s scale) [6] 
Bulk density 81-107kg/m3  
Moisture 10-12%  
Vietnamese (length) 7.6-12mm  
Vietnamese (width) 0.8-2.5mm  
Japanese (length) 6.2-8.1mm  
Japanese (width) 1.25-3.25mm  
 
Table 2-2 Dimensions of Japanese and Vietnamese RH 
Values 
Length (mm) Width (mm) 
Vietnamese Japanese Vietnamese Japanese 
Mean 9.33 7.14 1.60 2.05 
Standard Deviation 0.69 0.42 0.33 0.41 
Minimum 7.60 6.20 0.80 1.25 
Maximum 12.00 8.10 2.53 3.25 
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Figure 2-2  Water absorption of Japanese RH 
 
Table 2-2 show that Vietnamese RH is about 30% longer and 22% thinner than 
Japanese RH. Previous studies indicated that an increasing of fiber’s length increased 
the peak strength of modified-soil until a certain limitation of length [7][8][9]. 
Therefore, it can consider that the length of RH plays an important role on behavior of 
rice husk-cement-reinforced sludge. As results, Vietnamese RH can improve the 
strength of modified-sludge better than Japanese RH due to its longer length.  
When a certain pozzolanic materials containing amorphous silica are added 
during the hydration of Portland cement, its reaction with lime produces additional 
amount of calcium silicate hydrate (C-S-H) [10]. 
Figure 2-3 shows photos of Vietnamese and Japanese RH. Hypothetically, the high 
silica content of RHs could contribute to the pozzolanic reaction of cement during 
hydration and enhance the bonding strength of the soil mass. A work on mortar 
admixed with RHs and cement observed that the pozzolanic role of RH was due to the 
existence of silica in amorphous and fine grained quartz in the mixture. Pozzolanic 
effect exhibits cementitious properties that increase the rate at which the material 
gains strength [11]. The pozzolanic action on the surface of the husk could be promoted 
by the amorphous silica which is concentrated on the interior and exterior surfaces of 
the uncalcinated husk. [11]. Table 2-3 shows a micro analysis of the surface of RH. 
 




















Japanese RH Vietnamese RH 
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Table 2-3 Micro analysis of the surface of RH [11] 
Element 













C 6.91 11.11 62.54 69.54 30.20 40.93 
O 47.93 57.84 35.19 29.38 42.53 43.27 
Si 45.16 31.05 2.27 1.08 27.27 15.80 
Total 100.00 100.00 100.00 100.00 100.00 100.00 
 
The chemical reaction between silica from RH with cement and sludge is 
represented by Equation 2-1 and 2-2 [12]. Like a reaction between a week acid and a 
strong base, the strong base eventually dissolves the silica within the RH and clay soil 
to form hydrous silica. The secondary silicate is gradually generated from the react of 
the hydrous silica and the calcium ions known as insoluble and cementitious materials. 
That means the solution of silica actually generates additional bonding forces in the 
cemented soil. Upon curing, the secondary cementitous products will harden and 
provide secondary bondage strength to the stabilized soil. This reaction is referred to 
as secondary pozzolanic reaction.  
+ -
2
Ca(OH) Ca   +  2(OH)  (2-1) 
+ -
2 2 2
Ca  + 2(OH)  + SiO CaO.SiO .H O  (2-2) 
2.2.2 Cement 
The cement used in this research is GEOSET-200 which is produced by Taiheiyo 
Cement Corporation, Japan. It is a cement-based solidifying agent that reacts quickly 
when it is mixed with soil. When mixed with soil, it rapidly forms needle-shaped 
ettringite. The resulting ettringite crosslinks with clay particles, forming a strong 
framework that rapidly solidifies the soil [13]. Figure 2-4 shows the solidification 
processing of GEOSET cement. 
  
Figure 2-4 Solidification processing of GEOSET cement  
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2.2.3 Sludge 
Sludge poses high moisture content, low shear strength, and exhibits low 
compressibility. Due to high water content, dredged-sludge cannot directly recycled. It 
is intermediately given to direct landfill for dehydration treatment. However, the lack 
of landfill, high transportation cost, and long time for consolidation are posing serious 
issues. So that, the burden of illegal dumping seems never to end. And also effect to the 
earth’s environment [14]. Although several methods: sun drying, dewatering, 
cement/lime stabilization have been successfully implemented to treat such sludge, 
there always remain the motivation for further improvement of the methods, 
especially in terms of efficiency and economics.  
It is the best to use actual sludge. However, it is very difficult to carry a large 
amount of actual sludge to Japan. Therefore, the imitated-sludge was decided to use. In 
order to make the imitated-sludge, clay and silt should be mixed. However, the mass 
ratio between clay and silt is the next issue. Thus, particles size distributions of actual 
sludge were tested. In Figure 2-5, real-1 and real-2 are actual sludge [15]. They were 
taken from an under construction project. In order to imitate sludge, Kasaoka clay and 
silt was mixed and named as “Imitated-1” with its mass ratio of 2:3, respectively. And 
the “Imitated-2” was made by using only Kasaoka clay. As shown in Figure 2-5, the 
particles size distributions of imitated-sludge and actual sludge are almost same. This 
is a reason why the mass ratio 2:3 was designed. Table 2-4 is the physical properties of 
imitated-sludge. Table 2-5 shows chemical component of Kasaoka clay and silt. 
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Table 2-4 Physical and mechanical properties of imitated-sludge 
Properties 
Imintation sludge Actual sludge 
Type 1 Type 2 Sample 1 Sample 2 
D50 (µm) 17.24 4.58 13.39 5.26 
Density of soil particles, s (kg/m3) 2467 2741 2332 2636 
Liquid limit, LL (%) 46.1 53.8 59.0 76.2 
Plastic limit, PL (%) 29.4 11.1 26.7 32.1 
Plastic index, PI (%) 16.7 42.7 32.2 44.1 
Table 2-5 Chemical component clay and silt 
Element Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 
Silt (%) 1.97 0.28 12.88 77.85 2.42 1.89 0.11 0.07 2.08 
Kasaoka clay (%) 1.48 0.81 20.22 69.07 2.75 0.91 0.63 0.03 5.46 
2.3 Experimental results and discussions 
2.3.1 Strength characteristics 
(1) Experimental apparatus 
Figure 2-6 is soil mixer. And Figure 2-8 shows the metal mold (100mm in height 
and 50mm in diameter) and rammer (weight: 1.5kg, free-fall height: 20cm). Figure 2-7 
is oven. The curing temperature was set at 200C [14], [16]–[18]. Figure 2-9 is outline of 
unconfined compression test.  
 
Figure 2-6 Mixing machine 
 
Figure 2-7 Yamato DKN 810 Convection Oven 
 
 
Figure 2-8 Metal mold and rammer 
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Curing at 20 ± 30C. 7 
days
 
Figure 2-10 Procedure of compaction method 
(2) Experimental procedures 
Testing procedure is as follows and shown schematically in Figure 2-10. 
 Imitated-sludge were made by mixing clay, silt, and water. 
 Cement and RH were added to make modified-sludge followed by carefully 
curing at 20 ± 30C for 3 days as initial curing period. 
 Specimens were made by compaction method at four layers (5times for 1st 
layer, 10times for 2nd layer, 10times for 3rd layer, and 20times for the final 
layer). It were cured for next 7days at 20 ± 30C as secondary curing period. 
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 Unconfined compression tests were carried out.  
(3) Results and discussions 
Unconfined compression tests were employed to investigate effects of rice husk, 
cement inclusion on failure strength-strain of modified-sludge. Target value of failure 
strain was set to ≥ 5% and ≥ 120kPa for failure strength [16]. The target value for failure 
strength was determined based on guidelines for recycling construction sludge [19]. 
According to the guidelines the minimum soil strength for construction machines can 
move on is 800kPa with the uniform soil coefficient from 6.5 to 10. So that, the failure 
strength of soil, s, is no lower than q. The value of q is calculated as follows: q = 
800/(6.5~10) = 80~123 (kPa). The target value for failure strain was set to ≥ 2 times 
of failure strain of cemented-soil [20]. It has determined based on experimental results 
of fiber-cement-stabilized soil and cement-stabilized soil [1], [14], [16]–[18], [20]–[23]. 
Testing conditions are shown in Table 2-6 and Table 2-7. 
 
Table 2-6 Mixing conditions for Imitated sludge-1 and Japanese RH 
Initial water content (w) 
(%) 
Cement content (C) 
(kg/m3) 
Rice husk content (RH) 
(kg/m3) 
40 20, 40, 50 
40, 60, 80, 100 
50 30, 40, 50 
60 40, 50, 60 
70 50, 60, 70 
80 60, 80, 100 

















40 40 56 
50 40 43 
60 50 40 
70 60 73 
80 60 83 
Effects of Japanese RH & cement inclusion on failure strength & failure strain of 
the modified-imitated sludge-1 are shown in Figure 2-11. Effects of increasing of 
cement content were variety with different sludge’s initial water content as well as RH 
content. At the same RH content, the failure strength increased with increasing the 
cement content. Regarding to failure strain, the increasing of cement content made the 
modified-sludge more brittle.  
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However, Figure 2-11(c, i) showed a different tendency compared to the rest of 
results. At maximum additive amount of cement content (50kg/m3 and 100kg/m3 for 
initial water content 50% and 80%, respectively), the failure strength decreased when 
the RH increased from 80 to 100kg/m3. There results showed an upper limit of additive 
amount of cement and RH inclusion into the modified-sludge. Therefore, if the cement 
and RH are added more than the upper limit, the failure strength will decrease. 
Figure 2-11 indicates that the influences of RH increasing on failure strength 
were shown in three tendencies. There were entirely increasing, entirely decreasing or 
firstly increasing and after that decreasing of failure strength.  
The entirely increasing of failure strength was the most common. The entirely 
decreasing of failure strength could be withdrawn from results of mixing conditions at 
low initial water content with high cement adding (such as 40% initial water content 
with 50kg/m3 cement content, or 50% initial water content with 40kg/m3 cement 
content). The reasons for this trend may explained by the combination between cement 
and RH at the secondary period of curing. At the first period of curing, the cement’s 
hydration in rice husk-cement-reinforced sludge was able to link the RH and soil 
particles. However, at the secondary curing period to make specimen, the composite 
was broken and compact. The linking between soil particles and RH was significantly 
destroyed. If the cement content was added too much, the cement’s hydration occurred 
at high rate. The free water content in the composite was decreased. It made the soil to 
become too loose and dry. Therefore, the free water content in the composite was not 
enough for cement’s hydration to remake the linking between RH and soil particles. 
Moreover, if too much RH is added, the problem is scaled up, especially at low initial 
water content sludge and high cement and RH content. The last tendency showed 
maximum additive amount of RH content. Before the maximum RH content, the failure 
strength increases and after that the failure strength will decrease.  
The effects of RH inclusion on failure strain was to increase the value. In order 
words, it reduced the brittleness of the modified-sludge. 
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Figure 2-11 Relationship between the failure strength, strain and rice husk content 
 
Figure 2-12 Optimum amount of RH content of 40 % initial water content sludge 
Compared to two target values, optimum conditions for each initial water content 
were determined by linear interpolation method. The optimum condition is defined as 
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amount of adding materials are shown in Table 2-8. For instance, in case of 40% initial 
water content sludge, Figure 2-12 shows that the lowest value of RH content that 
satisfied two target value was between 40 and 60kg/m3. Therefore, the optimum 
additive amount of RH content was calculated as 56 kg/m3. 
Table 2-8 Optimum mixing conditions for imitated sludge-1 and Japanese RH 
Initial water content (w) 
(%) 
Cement content (C) 
(kg/m3) 
Rice husk content (RH) 
(kg/m3) 
40 40 56 
50 40 43 
60 50 40 
70 60 73 
80 60 83 
From the optimum conditions, two empirical functions could be obtained to 
predict optimum amount of RH and cement. In actual works, the initial water content 
is easily obtainable. Figure 2-13 shows the correlation between the initial water 
content of sludge and optimum materials. 
 
 
Figure 2-13 Optimum Japanese RH and cement content 
Furthermore, effects of sludge’s type on compressive results were investigated 
and shown in Figure 2-14. Two types of imitated-sludge were experimented. The 
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Figure 2-14 shows that when D50 decreased, the failure strength also significantly 
decreased. However, it mostly did not affect to failure strain. It could be explained by 
the increasing of surface area of sludge’s particles when the particle’s diameter 
decreased. With the increase of that surface area, cement did not make enough linking 
force between soil’s particles and rice husk. So that the failure strength decreased.  
Moreover, the effects of RH type on unconfined compressive results were shown 
in Figure 2-15. The length of Vietnamese RH is longer than Japanese RH. It concluded 
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Figure 2-15 Effects of RH type on compressive results 
2.3.2 Durability characteristics 
Natural soils experience periodic expanding and shrinking during the alternate 
drying-wetting. One of the most important characteristics of expanding soils is their 
susceptibility to the volume change due to expanding and shrinkage [24]. Such cyclic 
expand–shrink movements of the ground cause considerable damage to the structures 
founded on them. Cyclic drying and wetting caused the modified-soil to become more 
porous and less saturated.  
In this experiment, impacts of repeated drying-wetting of rice husk-cemented-
soil has been investigated. It has already confirmed that cemented-soil was 
deteriorated after few cycles of repeated drying-wetting because of its brittleness. On 
the other hand, paper debris-cemented-soil has confirmed to expose to more than 10 
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(1) Experimental apparatus 
The compaction method was employed to make specimens. And the unconfined 
compression test was carried out. The experimental apparatus are same with the 
apparatus for strength’s experiments.  
(2) Experimental procedures 
Table 2-9 shows phasing descriptions. One cycle consists of drying phase in an 
oven for 2 days at 400C and wetting phase in water for 1 day at 200C. Observation and 
photograph taking of specimens were carried out after each phase. Unconfined 
compression tests were conducted after prescribed cycle. Soundness of specimens 
were evaluated based on ranking shown in Table 2-10. Rank-A indicates that the 
soundness of specimen is in best condition and from rank-D to H indicate that the 
soundness of specimen are in worse conditions.  
Table 2-9 Phase descriptions of durability tests 
Specimen Each cycle  Confirmation items 
5×h10 
(cm) 
 Drying phase: 2 days at 400C 
 Wetting phase: 1 day at 200C 
 Unconfined compression test at 0, 2, 4, 6, 8, 10 
cycle. 
 Observation and photo taking 
Table 2-10 Ranking for soundness of specimen  
Rank Crack condition Chasm condition 
A Outwardly, there is no change 
B Appearance of fine crack Appearance of surface delamination  
C Appearance of intelligible crack in part of specimen Small chasm of specimen 
D Appearance of intelligible crack over specimen Great chasm of specimen 
E Falling of specimen (~20%) 
F Specimen fall wholly, but shape of specimen is remaining. 
G Specimen fall wholly, and fragment is aggregated. 
H Specimen fall wholly, and fragment is muddy. 
 
The testing procedure is as follows and schematically shown in Figure 2-16. 
 Imitated sludge was made by mixing clay, silt, and water.  
 Cement & rice husk were added to make modified-sludge and followed by 
carefully curing at 20 ± 30C for 3days. 
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 Specimens were made by compacted at 4 layers (5times for 1st layer, 10times 
for 2nd layer, 10times for 3rd layer, and 20times for the last). The specimens 
were cured for the next 28days at 20 ± 30C. 









Curing at 20 ± 30C 
28 days
Drying 40 ± 30C. 2 days
Wetting 20 ± 30C. 1 days
 
Figure 2-16 Procedure of repeated drying-wetting test with compaction method 
(3) Results and discussions 
Several testing conditions were made by adjusting initial curing time (1day 
versus 3days), raw versus milled RH proportion, and addition of another material: fly 
ash. Figure 2-17 shows the mixing condition changings in the experiment. Target 
values of failure strength, and failure strain were set to ≥ 120kPa and ≥ 5%, respectively 
[20]. Furthermore, the target value for repeated drying-wetting test was set that the 
failure strength after 10th cycle should be ≥ 90% of failure strength at 0th cycle [18]. 
Table 2-11 shows the mixing conditions for the test. One more kind of material was 
applied. That was fly ash class-F. Table 2-12 shows the chemical components of the fly 
ash. 
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Testing conditions
Initial curing time
Raw rice husk proportion
Adding of another material
1 day
3 days
50% milled rice husk
100% milled rice husk
Fly ash
 
Figure 2-17 Mixing conditions changings for drying and wetting cyclic test 
Table 2-11 Mixing conditions for durability tests 













1 60 80 0 100 0   
2 60 60 0 100 0   
3 60 60 0 100 0   
4 60 60 0 50 50   
5 60 60 0 0 100   
6 60 50 0 40 0   
7 60 50 0 40 0   
8 40 40 0 56 0   
9 70 70 0 100 0   
10 70 70 0 100 0   
11 80 60 0 83 0   
12 60 50 0 40 0   
13 60 50 0 40 0   
14 60 50 0 0 0   
15 60 50 0 0 0   
16 60 50 20 40 0   
Table 2-12 Chemical components of fly ash class-F 
Element Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 
Value (%) - 1-3 15-35 40-75 - 1-10 - - 2-20 
Previous researchers mentioned that the addition of RH ash enhanced the 
durability of modified-soil [25]. On the other hands, the adding of fly ash improved 
- 38 - 
unconfined compression strength and California bearing ratio (CBR) values higher the 
one as compared to RH ash [26]. Therefore, the adding of fly ash may improve the 
durability of the modified-sludge. Fly ash has some advantages such as: enhance 
strength properties; stabilize embankments; control shrink swell properties of 
expansive soils; drying agent to reduce soil moisture contents to permit compaction; 
and reduced sulfate attack. In Vietnam, some thermal power plant projects are under 
construction. 
a) Effects of initial curing time 
Aims of this test is to study effects of delaying time of specimen making on 
durability performances of the modified-sludge under repeated drying-wetting. The 
initial curing time was the first period of curing time before specimens were made. In 
fiber-cement-stabilized soil method, three days initial curing was applied. And it was 
confirmed that it was a suitable initial curing time for the modified-sludge.  
Figure 2-18 shows the effects of initial curing time on soundness of specimen. The 
number 1 to 8 indicates the cyclic number. D stands for drying and W stands for wetting 
phases. A to D are rankings of specimen soundness. The “60-50-40 (3d)” line means 
that its mixing proportion is 60% initial water content, 50kg/m3 cement, 40kg/m3 raw 
rice husk, and 3days initial curing time.  
The “60-60-100” lines showed that 3days initial curing time could remain rank-A 
until 6-cycles. In contrast, 1day initial curing specimens could only remain rank-A in 
1cycle. The line “60-60-100 (3d)” was rank-D at the cycle 8th and the “60-60-100 (1d)” 
reached to rank-D at the cycle 4th. It could be concluded that with 3days initial curing 
time the specimen’s soundness was better than the 1day. Although the “60-50-40” and 
“60-60-100” lines satisfied two target values for failure strength (120kPa) and failure 
strain (5%), Figure 2-18 showed that the specimen’s soundness of the modified-sludge 
with higher cement and RH was better than the lower one.  
Figure 2-19 shows results of failure strength and failure strain. It showed that 
after 4 cycles, the failure strength and failure strain of three conditions still satisfied 
target values. Until 6 cycles, only one condition satisfied. Compared to 0th cycle, failure 
strength of the mixing condition “60-60-100 (3d)” after 6th cycle remained 66.4% and 
it was less than the target value (90%).  
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Figure 2-18 Effects of initial curing time on specimen’s soundness 
In additions, durability of the modified-sludge with another initial water content 
conditions were also tested and shown in Figure 2-20 and Figure 2-21. The maximum 
cyclic number of these conditions was 4 cycles. No mixing condition satisfied target 
value for the durability test. 
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Figure 2-20 Effects of initial water content on specimen’s soundness 
 
 
Figure 2-21 Effects of initial water content on failure strength and strain 
b) Effects of raw RH proportion 
In this test, effects of raw RH proportion were tested by changing the ratio 
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sieve filter of 4 mm. Dimensions of the milled rice husk were smaller than the raw rice 
husk. Figure 2-22 shows soundness of specimen. The line “60-60-100 (100-0)” means 
that its mixing proportion is 60% initial water content sludge, 60kg/m3 cement content, 
100 kg/m3 raw RH content (100% of raw RH).  
 
Figure 2-22 Effects of raw RH proportion on specimen’s soundness 
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The results indicated that durability performance of the modified-sludge with 
50% and 0% raw RH proportion were almost similar. They were failed after 5 cycles. 
Compared to 0% milled RH, 50% milled RH adding could slightly improve the 
soundness performance.  
Figure 2-23 shows the effects of raw RH proportion on failure strength and failure 
strain. Until 4 cycles, only one specimen satisfied target values for failure strength and 
failure strain. After that all of specimens were failed.  
c) Effects of another material 
Figure 2-24 shows the effects of fly ash (FA) inclusions on specimen’s soundness. 
The amount of FA was chosen based on the ratio of FA to cement in the mix. Previous 
researcher recommended that the appropriate amount of FA for foundations and dams 
was 30-50% by mass of the cementitious material component [27]. Therefore, the 
amount of FA was determined as (20/50)*100% = 40%. 
Results showed that FA inclusion did not improve the durability performance. 
Figure 2-25 shows the effects of adding FA material on failure strength and failure 
strain of the modified-sludge. Specimens were destroyed after 2 cycles. The results 
show that failure strength significantly decreased after starting of the test.  
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Figure 2-25 Effects of FA material inclusion on failure strength and strain 
2.4 Conclusions 
In this chapter, two types of experiments were carried out by using several kinds 
of materials, such as imitation sludge, cement, RH, and FA. In these experiments, 
compaction method was applied to make specimens. The experiments were conducted 
to evaluate the effects of RH on strength characteristics and durability on repeated 
drying-wetting of rice husk-cement-reinforced sludge.  
As for the strength characteristics, unconfined compressive tests were employed 
with testing conditions. Finally, two equations were obtained to predict the optimum 
amount of adding cement and RH materials as functions of initial water content. 
Furthermore, the effects of RH’s type (Japanese and Vietnamese RH inclusion) and 
granulometry were investigated.  
As for the durability for repeated drying-wetting conditions, several initial mixing 
conditions were made by changing the initial curing time (1 day and 3 days initial 
curing time), changing of raw RH proportion, and adding of fly ash.  However, there 
was no condition to satisfy the two target values for failure strength and failure strain. 
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3.1 Introduction 
In this chapter, effects of adding rice straw fibers (RS) and cement on mechanical 
characteristics of sludge will be discussed. It was named as rice straw-cement-
reinforced sludge. And its principles are described in Figure 3-1: 
 Figure 3-1 (a) is a sample of original sludge. Its water content is very high. 
Thus, soil particles can freely move as a “fluid” [1]. 
 Figure 3-1 (b) is modified-sludge after adding RS fibers. The fibers absorb free 
water in the modified-sludge. The modified-sludge could be compacted at 
higher efficiency and increase strength-strain of modified-sludge.  
 Figure 3-1 (c) is modified-sludge after adding cement. Ettringite was made 
from cement hydration to link fibers and soil particles.  
Unconfined compressive tests by compaction method, durability in repeated 
drying-wetting as well as in long-term conditions were carried out. 
Chapter 3 
Strength and durability of rice straw-
cement-reinforced sludge 
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(a) Initial Sludge 
 
(b) After adding rice husk 
 
 
(c) After adding cement 
 
Figure 3-1 Principles of rice straw-cement-reinforced sludge 
3.2 Materials 
Imitated-sludge, cement, and RS fibers were applied. 
3.2.1 Rice straw fiber 
Rice straw (RS) was obtained in Japan. It has already confirmed that long and 
slender RS fibers played an important role to improve the strength characteristics of 
modified-sludge [2]. Original RS could not directly applied due to long length and 
thickness. Therefore, it had to be pretreated to RS fibers. Previous researchers studied 
on some pretreating methods such as crushing cut-RS by hammer mill and crushing 
cut-RS by blender [3]. The crushing methods were conducted at both wet condition and 
dry condition of RS. The results indicated that crushing the RS by blender at wet 
condition was the best method for making RS fibers. Figure 3-2 shows the procedure 
to make RS fibers and is explained as follows: 
 (1) Original RS. 
 (2) Chop-RS. Original RS was chop at approximate lengths: 1cm, 3cm, or 5cm.  
 (3): Soak chop-RS in water for 24 hours at 200C. 
 (4) Blender for tearing chop-RS.  
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Figure 3-2 Procedure to make RS fibers 
Table 3-1 shows physical properties of RS fibers. Figure 3-3 shows the water 
absorption characteristic of RS fibers.  
Table 3-1 Rice straw properties 
Properties Values Unit 
Water absorption 290-310 (%) 
Moisture 3-6 (%) 
Length 13.2 ± 6.3 (mm) 
Width 0.23 ± 0.14 (mm) 
Tensile strength 4.2-246.2 (MPa) 
 
Figure 3-3 Water absorption property of rice straw fiber 
Table 3-2 shows the chemical composition of RS and other natural fiber materials. 
Natural fibers consist of cellulose, hemicellulose, lignin, and other substances. Lignin is 
a complex hydrocarbon polymer that provides protection to fiber against biological 
attack. Crystallinity of cellulose determines the reinforcing ability of fiber. 
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cellulose is responsible for strength of fiber itself, hemicelluloses for biological and 
moisture degradation, while lignin for UV degradation and char formation. 
Table 3-2 Chemical composition of rice straw [5][6]  
Fiber Cellulose (%) Hemicellulose (%) Lignin (%) Moisture (%) 
Jute 61-71 14-20 12-13 12.6 
Flax 71-78 19-21 2 10.0 
Hemp 70-74 18-22 4-6 10.8 
Kenaf 53-57 15-19 6-9 - 
Sisal 67-78 10-14 8-11 11.0 
Cotton 82.7 5.7 - - 
Rice straw 45-55 26-32 16-21 3-6 
3.2.2 Cement 
GEOSET-200 cement was used. 
3.2.3 Sludge 
Imitated sludge-1 was applied by mixing Kasaoka clay and silt.  
3.3 Strength characteristics 
In this chapter, specimens were made by compaction method. Several 
experiments were carried out and listed as follows: 
 Effects of RS fibers only on compressive strength. 
 Effects of different types of fibers on compressive strength. 
 Effects of RS fibers’ length on compressive strength.  
 Experimental evaluation of optimum making condition for rice straw-cement-
reinforced sludge. 
 Develop empirical optimum functions and numerical model. 
Figure 3-4 shows a typical results of unconfined compressive tests. The mixing 
conditions were: initial water content w=30%, cement content=10kg/m3, RS 
fiber=10kg/m3. The results showed that the inclusion of RS fibers could improve the 
tangent modulus of the matrix at 15% of strain. Furthermore, the adding of cement 
could also significantly improve the tangent modulus at failure state. In general, the 
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adding of cement makes the mix stronger in strength but more brittle. Therefore, it was 
needed to control the cement content to avoid the brittleness. Moreover, the adding of 
RS fibers could improve failure strain. It reduced the mix’s brittleness. Beside strength, 
the brittleness of soil is also important. If the soil tends to be more brittle, it will have 
bad effects on its durability and stability. It could suddenly collapsed when load is over 
than its bearing capacity with very little deformation. Structures made of brittle 
materials are inherently unsafe. In contract, structures made of ductile materials are 
inherently much safer. They suffer very large deformations and so give plenty of 
warning before they fail [7].  
 
Figure 3-4 Typical unconfined compressive results 
3.3.1 Effects of RS fibers only 
In this section, the effects of RS fibers only on unconfined compressive strength 
of soil are going to be discussed. The influences of RS on compressive strength of soil 
depend on several factors: physical and mechanical properties of fiber itself; fiber 
content; fiber’s length; moisture of fiber reinforced soil [7]. The aim of this experiment 
is to figure out the possibility of using RS fibers to reinforce sludge.  
(1) Experimental procedures 
Testing procedure is described as follows:  
 Modified-soil was made by adding RS fibers and cure at 20 ± 30C for 3days. 
 Make specimens (∅5xH10cm) by compaction method and cure for 7days at 
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 Carry out unconfined compression tests. 
(2) Results and discussions 
Table 3-3 shows testing conditions & Figure 3-5 is unconfined compressive 
results. 
Table 3-3 Testing conditions for effects of RS fibers only 
Initial water content (w) 
(%) 








Figure 3-5 Unconfined compressive results for effects of RS fibers only 
The failure strength& failure strain of RS reinforced-soil increased with adding of 
RS fiber. It could conclude that RS fibers could be applied for reinforcing soil. 
3.3.2 Effects of RS fibers’ length 
To study the effects of RS’s length on unconfined compressive strength of 
cemented-soil and to select the best RS’s length as well, a series of unconfined 
compression tests were conducted. In this test, original RS was chop into 1cm, 3cm, 
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(1) Experimental procedures 
Testing procedure is described as follows: 
 Different modified-soils were made by adding different RS fibers lengths and 
cement then cure at 20 ± 30C for 3days. 
 Make specimens (∅5xH10cm) by compaction method and cure for 7days at 
20 ± 30C. 
 Carry out unconfined compression tests. 
(2) Results and discussions 
Table 3-4 is dimensions of chop-RS fibers. The maximum length of chop-RS was 
determined to 5cm because the diameter of specimen was 5cm. Table 3-5 shows 
testing conditions for unconfined compressive tests.  
Table 3-4 Dimensions of chop-RS fibers’ length (L) 
Dimensions Unit 
Length of chop-RS 
L = 1 cm L = 3 cm L = 5 cm 
Length (mm) 8.4 ± 1.4 13.2 ± 6.3 25.9 ± 10.3 
Width (mm) 0.22 ± 0.12 0.23 ± 0.14 0.25 ± 0.16 
Table 3-5 Testing conditions for effects of RS’s length 
Specimen 
name 
Initial water content 
(w, %) 
Cement content  
(C, kg/m3) 





40 10 30 1 
40 10 30 3 
40 10 30 5 
B 
60 35 30 1 
60 35 30 3 
60 35 30 5 
C 
80 45 30 1 
80 45 30 3 
80 45 30 5 
 
Figure 3-6 shows unconfined compressive results. The results indicated that the 
failure strength increased with increasing fiber length. However, the tendency could be 
seen at high free water content conditions and could not clearly at low free water 
content conditions. The failure strain were same. The effects of increasing fiber length 
on failure strength was a little bit clearer at condition B with higher free water content. 
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And it can be seen the most significantly increasing failure strength was at condition C 
with higher free water content. As a consequence, the effect of fiber length depends on 
free water content of composite.  
The effects of fiber length could be explained by the interaction between fibers 
and soil particles. The RS fibers and particles interact and constrain each other inside 
the matrix. The interaction produces interface force between fiber and soil particles. 
The interfacial force could be divided into normal force and tangential force [8]. The 
normal force comes from the extrusion and squeeze pressure. It related to the external 
force suffered by the soil sample and the water content changing of the composite. The 
tangential force is from friction. It directly depends on the normal force, greater normal 
force, then greater friction, and then greater tangential force. When the soil sample is 
stressed, the static fiction is gradually transformed into sliding friction. The fiber inside 
the composite has two states when the soil is stressed. The first state is relatively free-
state, the soil particles and fiber are freely accessible, and there is no internal force in 
fiber while interfacial force exists. The other state is stress-state, the internal force in 
fiber is occurred due to the dislocation between soil particles and fiber under stressing 
condition. The fiber tends to bend and twist itself.  
 
 





































L =1 cm L =3 cm L =5 cm
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The interaction between fibers and soil particles forms fiber-soil column in which 
fiber acts as a center line and the surrounding soil particles are closely around the fiber 
at a certain radius [8]. At condition B and C (high free water content conditions), when 
the length of RS fiber was short, the fiber-soil columns formed inside the composite 
were also short. The frictional resistance of fiber was low. It makes the fiber tend to 
easy slide and was hard to constrain the whole fiber. The contact between the fiber-
soil columns was weaker, and it made the fiber-soil columns net could not be effectively 
formed. When the length of RS fiber increased gradually, the fiber-soil columns was 
increased. The friction resistance of RS fiber get higher. It helped constrain the whole 
fiber and the fibers did not slide. The contact between the fiber-soil columns was higher, 
and it made the fiber-soil columns net effectively form. In this experiment, the effect of 
too long fiber could not be seen. However, theoretically, when the length of RS fiber is 
too long, the compressive strength of soil composite is reduced. That is because the 
strength of fiber is lower in tension, bending, torsion, and so on. Therefore, the strength 
of soil-columns are lower in tension, bending, and torsion. It makes the crack of soil 
and sliding fissures inside soil form easily. The too long fibers are mainly in the state of 
continuous bending when the soil is disturbed. The too long fiber tend to entangle, and 
scratch during the processing and pressing procedures. This causes a decrease of the 
effective fiber lengths below the critical length in certain direction, thus resulting in 
deterioration of the mechanical properties of soil composite [5]. At condition A, the free 
water content is low. The critical length of fiber is also low. That is why there is no 
different between compressive strength of different length fiber inclusion. 
3.3.3 Effects of different types of fiber materials 
The tests are aimed to investigate the influences of different fiber materials on 
unconfined compressive strength. Series of unconfined compressive tests were carried 
out with different fiber materials: rice husk, rice straw, and paper debris. Also, 
unconfined compressive strength of cemented-soil (without fiber) was tested to 
compare with the propreties of those one with fiber inclusions. Table 3-6 shows 
physical properties of the fiber materials. The fibers were obtained in Japan. The RS 
fibers were made from 3cm chop-RS. 
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Table 3-6 Fiber’s properties 
Properties Rice straw Rice husk Paper debris 
Water absorption [%] 290-310 90-110 490-510 
Moisture [%] 3-6 10-12 1-2 
Length [mm] 6.9-19.5 6.2-8.1 - 
Width [mm] 0.09-0.37 1.25-3.25 - 
(1) Experimental procedures 
Testing procedure is described as follows: 
 Different modified-soils were made by adding different fibers& cement and 
cure at 20 ± 30C for 3days. 
 Make specimens (∅5xH10cm) by compaction method and cure for 7days at 
20 ± 30C. 
 Carry out unconfined compression tests. 
(2) Results and discussions 
Table 3-7 is testing conditions for unconfined compressive strength. Figure 3-7 is 
unconfined compressive results.  
Table 3-7 Mixing conditions for effects of different fiber materials 






Type of fiber 
60 50 20 
No fiber 
Paper debris (PD) 
Rice husk (RH) 
Rice straw (RS) 
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Figure 3-8 is the failure strength and failure strain results. Compared to no fiber, 
failure strain of adding fibers had significantly higher. However, adding of RH or PD 
reduced strength of modified-sludge. On the contrary, adding of RS fibers continuously 
increased the failure strength and strain. It had no peak value on strength. Based on 
the ASTM standard, the failure strength of soil is determined as the strength at 
maximum state or the strength at 15% of axial strain, whichever is secured first during 
the test [9]. It was confirmed that with an appropriate fiber content, the failure strength 
and failure strain of fibers reinforced sludge increased. In comparison, RS fibers 
inclusion was the best on the perspective of unconfined compressive strength. 
 
Figure 3-8 Compressive results of different fiber composites 
3.3.4 Experimental evaluation of optimum making condition 
The experiment was carried out to develop the setting method of optimum 
making conditions for compacted RS fiber-cement-reinforced sludge. The results were 
evaluated on both theoretical and laboratory tests. Compaction tests, unconfined 
compressive tests, and permeability tests were executed.  
(1) Setting of optimum making conditions 
As shown in Figure 3-9, the dry density of soil is generally affected by water 
content in the soil. The peak value on the soil compaction curve indicates the maximum 
dry density of soil (d max) and the water content at d max is the optimum water content 
(wop). Therefore, the RS fiber-cement-reinforced sludge may have similar the 
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Figure 3-9 Soil compaction curve 
Figure 3-10 shows the skeleton of mass change through curing RS fiber-cement-
reinforced sludge. After the RS fiber and cement were added, the mass of each 












Figure 3-10 Mass change through curing of rice straw fiber-cement-reinforced sludge 
It is supposed that optimum water content of RS fiber-cement-reinforced sludge 
is greater than the one of imitated-sludge (without fiber and cement). When apparent 
water content after curing of the composite (wac) is set to the same value as the 
optimum water content of the imitated sludge (wop), it is expected that the dry density 
of the modified-sludge will reach maximum value.  
The volume of imitated sludge after adding water is described as follows 
ini





    
 
w
V V V m  (3-1) 
Where: Vsoil is the volume of imitated sludge (m3), Vs is the volume of soil particles 
(m3), Vw is the volume of water (m3), ms is mass of soil particles (kg), s is dry density 
of soil particles (kg/m3), w is density of water (kg/m3) (= 1000 kg/m3), wini is the initial 
water content of imitated sludge (%). 
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After adding RS fibers and cement, the additive amount of RS fibers is Ars (kg/m3), 
the additive amount of cement is Ac (kg/m3). The following equations indicate mass of 
RS and cement in the modified-sludge, respectively. 
ini





     
 
w
M V A m A  (3-2) 
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     
 
w
M V A m A  (3-3) 
Where: Mrs is the mass of rice straw (kg), Mc is the mass of cement (kg). 
In consideration of the water content of the composite after curing, the apparent 
water content of modified-sludge after curing (wac) can be rewritten as follows. This 
equation is an effecting combination of 300% mass percent water of RS absorption and 
25% mass percent water of cement hydration [10]. 
w rs c rs c rs c
ac ini
s w s
3 0.25 3 0.25 300 25
100 1
 
    
     
 




When the wac is set to equal to the optimum water content of imitated sludge 
(wop), the dry density of the modified-sludge will reach maximum value. As a result, the 
optimum initial water content (wini) to make the modified-sludge is expressed as a 
following equation. From the equation, the optimum initial water content of the RS 
fiber-cement-reinforced sludge is easy obtained when density of soil (s), optimum 
water content of soil (wop), the mass of adding rice straw fiber (Ars ) and cement (Ac) 
are determined.  
 
 














(2) Validation of optimum making conditions 
To validate the procedure for making optimum condition and equation of 
determine the apparent water content after curing, compaction tests were carried out. 
Table 3-8 is the physical properties of imitated-sludge. Figure 3-11 is compaction curve 
of imitated-sludge.  
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Table 3-8 Physical properties of imitated sludge 
Properties Value 
D50 (µm) 17.24 
Density of soil particles, s (kg/m3) 2467 
Liquid limit, LL (%) 46.1 
Plastic limit, PL (%) 29.4 
Plastic index, PI (%) 16.7 
Optimum water content (%) 28.4 
 
Figure 3-11 Compaction curve of imitated sludge 
Several mixing conditions were tested and shown in Table 3-9. From the amount 
of cement and RS, the optimum initial water content (wini, %) could be determined as 
30.72 %. 
Table 3-9 Testing conditions for validation of optimum making condition 




Rice straw content 
(RS, kg/m3) 
Optimum initial water content  
(wini, %) 
20 






Figure 3-12 shows results of dry density, wet density, and failure strength. The 
dry density was maximum at maximum of wet density. However, the maximum dry 
density did not respect to maximum of failure strength. The initial water content for 
maximum failure strength was lower than the initial water content at maximum of dry 
density. wini = 30.7 % was calculated from the demonstrated equation wini. The initial 
water content at maximum dry density was almost same with optimum initial water 
content wini. From these results, it could be concluded that the equations to determine 
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content after curing of RS fiber-cement-reinforced sludge. The modified-sludge at 
optimum initial water content was sufficiently compacted.  
Moreover, permeability coefficient was carried out and shown in Figure 3-13. The 
result indicated that the permeability coefficient decreased to minimum value at 25% 
of initial water content and then continuously increased. The permeability coefficient 
reached minimum value at initial water content which respect to maximum failure 
strength in Figure 3-12. However it was not minimum at maximum dry density 
condition.  
 
Figure 3-12 Correlation between dry density, wet density, and failure strength 
 
Figure 3-13 Correlation between permeability coefficient and initial water content 
3.3.5 Develop empirical functions and numerical model 
The effects of RS fibers & cement inclusion on compressive strength & strain of 
RS fiber-cement-reinforced sludge will be discussed in this experiment. Furthermore, 
empirical functions and numerical models will be proposed. The conventional 
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The target values for failure strain and failure strength were set to be more than 5% 
and more than 120 kPa, respectively [1], [10]–[16].  
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Figure 3-15 shows compressive results. Compared to cemented-sludge, the 
adding of RS fibers could increase or decrease the compressive strength. It could be 
detected from the changing of compressive strength by adding of additive amount of 
rice straw from 0 to 5kg/m3. The results were driven by the ratio of rice straw and 
cement (K). K is defined as the ratio of additive amount of rice straw and cement in 
percentage. It is related to other factor names as fiber volume fraction. It relates 
directly to strength of composites. 
As  shown in Figure 3-14, at low fiber volume fraction, compressive strength 
significantly decreased. It was because effects of dilution of the matrix and crack in the 
matrix at the fiber ends. At high fiber volume fraction, compressive strength increased 
because the effects of fiber reinforcement was greater than the influence of matrix 
dilution. Therefore, the critical fiber volume fraction was defined as the fraction of fiber 
volume at which strength of composite stops decreasing and starts increasing.  
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Figure 3-16 shows results of the fiber critical volume fraction, Kb. Kb is defined as 
the ratio of an amount of RS and cement in percentage at conditions which adding of 
RS reduced the compressive strength. Kb is a function that depends on initial water 
content of the sludge. For each initial water content of sludge, if the ratio of additive 
amount of RS per cement (K) is higher than Kb, the adding of the RS will increase the 
compressive strength of the modified-sludge and conversely. Figure 3-16 shows that 
with increasing the initial water content of sludge, Kb is decreased. This is because the 
strength of sludge is weaker at higher initial water content so that lower value of K is 
enough to increase the compressive strength of modified-sludge.  
 
Figure 3-16 Kb values. Dashed-line is predicting value 
Compared to target values for failure strength & failure strain, optimum 
conditions could be withdrawn and shown in Table 3-11.  


























Figure 3-17 shows correlation between optimum conditions and initial water 
content. Empirical functions were obtained to predict the optimum value of RS fibers 
and cement. Figure 3-17 shows that the optimum values of cement increased with 
increasing of initial water content. However, the optimum of RS fibers decreased with 
increasing of the initial water content. This was because with more water, the sludge 
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needs more cement to obtain enough compressive strength. And with more water in 
the sludge, the sludge becomes more plastic so it does not need more RS fibers to 
increase the compressive strain.  
 
 
Figure 3-17 Optimum conditions of RS fiber-cement-reinforced sludge 
Furthermore, a numerical model was developed to predict the value of 
compressive strength. From the testing conditions and the experimental results, it 
could conclude that the affected factors to the composite’s strength were initial water 
content (w), cement content (C), and RS fibers content (RS). It could combine to two 
factors: ratio of C/w and RS/w. Second order two variables polynomial formula was 
applied. The formula is describes as follows. The constraint was p-value ≤ 0.05. 
2 2
1 2 3 4 5 6
C RS C RS C RS
S P P P P P P
w w w w w w
   
         
   
 (3-6) 
Where: S: strength (kPa), P1, 2, 3, 4, 5, 6: parameters, C: cement content (kg/m3), RS: 
rice straw fiber content (kg/m3), w: initial water content of imitated sludge (%). 
Table 3-12 shows the analysis of variance. Table 3-13 shows the coefficients (Pi) 
for the model. And, the model is written as follows. Figure 3-18 shows the correlation 
between observed and predicted data for compressive strength of RS fiber-cement-
reinforced sludge. 
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Table 3-12 Analysis of variance 
Source DF Adj SS Adj MS P-Value 
Model 5 183087 36617.4 0.000 
  Linear 2 172017 86008.3 0.000 
    c/w 1 80364 80363.6 0.000 
    rs/w 1 24635 24634.9 0.000 
  Square 2 13471 6735.6 0.002 
    c/w*c/w 1 13190 13189.7 0.000 
    rs/w*rs/w 1 49 49.4 0.817 
  2-Way Interaction 1 1534 1533.6 0.202 
    c/w*rs/w 1 1534 1533.6 0.202 
(DF: degree of freedom, Adj SS: adjust sum of squares, Adj MS: adjust mean squares)  
Table 3-13 Model coefficients 
Pi Source Coef. P-Value 
P1 Constant 78.3 0.000 
P2 c/w -2227 0.000 
P3 rs/w 1010 0.000 
P4 c/w*c/w 31480 0.000 
P5 rs/w*rs/w -4521 0.817 
P6 c/w*rs/w 20552 0.202 
2 2
78.3 2227 1010 31480 4521 20552
C RS C RS C RS
S
w w w w w w
   
         
     
(3-7) 
However, some of parameters’ p-value were greater than the constraint (p-value 
≤ 0.05). And it was eliminated. The following equation was the final one with p-value 
was lower than 0.05.  
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3.4 Durability characteristics 
3.4.1 Durability in long-term condition 
Potential problems with the durability of the natural fiber in cement matrix 
underline the critical need for durability research. Also, the sensitive of natural fibers 
to water absorption makes it necessary to assess the performance of this composite 
under variable conditions. The role of fibers in the cement matrix is to delay and control 
the tensile crack of the composite so that an unstable and uncontrolled tensile crack 
growth is transformed into a slow controlled crack growth. It is the unique 
characteristic of fiber reinforcement that gives composite a post-cracking tensile 
resistance, increased strain capacity and enhanced energy absorption [18], [19].  
With natural fibers, external environments: weather conditions, moisture, and 
time and internal environments: alkaline medium, bacteria, and water in the matrix 
play a combined role in determining its durability. The durability of cellulose fiber 
cement composites has been found to be directly related to the fiber types, fiber 
content, matrix types, and the aging methods.  
During aging process, several mechanisms have associated with strength loss and 
embrittlement [20], [21], [30], [31], [22]–[29]. These are listed as follows: 
 The peeling-off mechanism which occurs at the end of molecular chain. 
 Degradation of molecular chains due to dissolution of lignin and 
hemicellulose in the alkaline matrix. 
 Microbiological attack that is more likely to occur in less alkaline matrix (low 
pH index). 
 Decreasing in fiber-matrix bond due to the transfer of water between fiber 
and matrix during shrinkage-swelling procedure 
(1) Experimental procedures 
Imitated-sludge was made by mixing Kasaosa clay and silt. And the 3cm chop-RS 
fibers was applied. Also, the GEOSET 200 cement was employed.  
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The conventional unconfined compressive tests were applied. Samples were 
made by compaction method at two types of curing conditions.  
The procedure to carry out the first curing condition is described as follows: 
 Modified-soils was made by adding fibers& cement and cure at 20 ± 30C for 
3days. 
 Make specimens by compaction and cure for designated day at 20 ± 30C. 
 Carry out unconfined compression tests. 
The procedure to carry out the second curing condition is described as follows: 
 
Figure 3-19 pH tester for soil 
 Check the pH index of RS fiber-cement-reinforced sludge samples. Figure 3-19 
is the pH tester for the soil composites. 
 Make Ca(OH)2 solutions with targeted pH index conditions. 
 Submerge RS fibers into the alkaline solutions and keep it for 3 months. 
 Take the submerged RS fiber and carefully wash by tap water. 
 Dry the RS fiber after washing for at least 24 hours at 40 ± 30C to control its 
moisture content. The fiber was named as pretreated RS fiber. 
 Modified-soils was made by adding the pretreated fibers& cement and cure at 
20 ± 30C for 3days. 
 Make specimens by compaction and cure for 7days at 20 ± 30C. 
 Carry out unconfined compression tests. 
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(2) Results and discussions 
Table 3-14 is testing conditions for first curing condition. And, Table 3-15 shows 
testing conditions for the second curing condition. 
Table 3-14 Testing conditions for in-soil curing condition  
Name Curing time (days) 
w50C35RS30 
7 14 28 60 90 180 270 365 
w70C45RS30 
Table 3-15 Testing conditions for in-solution curing condition  
Name Condition 







Figure 3-20 is failure strength& failure strain results for the first curing condition. 
The failure strength results continuously increased with the increasing of curing time 
from 7 days to 365 days. It could conclude that within one year there was no 
deterioration in RS fiber-cement-reinforced sludge. For failure strain, it seemed that 
the failure strain decreased with increasing of curing time. However, the failure strains 
were still far greater than target value (more than 5%).  
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Figure 3-21 shows compressive results of different curing conditions. The results 
showed that failure strength & failure strain in solution were greater than the one in 
soil condition. This was maybe because in solution fibers surface was continuously 
attacked and washed by alkaline environment and thus increased roughness. It 
enhanced connection between RS fibers and sludge particles. 
  
Figure 3-21 Compressive results by different curing condition 
  
  













































- 71 - 
It seemed that the attack of alkaline environment on RS fiber’s surface in soil 
condition was lower than the ones in solution. Moreover, the surface of RS fibers in soil 
could not be washed after deteriorating by alkaline environment. Therefore, it reduced 
the connection between RS fibers and sludge particles. As results, the failure strength 
and failure strain in soil curing condition were less than those in solution. Figure 3-22 




Figure 3-23 SEM photos of RS fiber in-soil curing condition 
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Figure 3-23 shows the SEM photos of RS fiber after 90 days curing in soil 
condition. The surface of RS fiber lightly deteriorated when comparing with normal RS 
fiber in Figure 3-22. The surface of normal RS fiber was rougher than the one in in-soil 
condition. That was maybe because the fiber in in-soil condition was deteriorated till 
smooth surface.  
  
  
Figure 3-24 SEM photos of RS fiber in-solution curing condition 
 
Figure 3-24 shows the SEM photos of RS fiber in solution condition. Compared 
with the RS fibers in Figure 3-22 and Figure 3-23, the RS fiber after submerging in 
alkaline solution has strong deteriorations on its surface. This was results of alkaline 
attacks. The attacking rate on RS’s surface in in-solution condition was stronger than 
the one in in-soil curing condition. From the results, it could conclude that the 
roughness surface of fiber is the key effecting parameter on strength and strain of RS 
fiber-cement-reinforced sludge. Moreover, the RS in in-soil condition has slightly 
deterioration compared with those in-solution even if they have same pH value (or 
alkaline environment effect). Therefore, the RS fiber in cemented-sludge could keep its 
 
- 73 - 
strength for longer time than those exposed outside. In the other ways, the RS fiber in 
soil has longer supporting life for rice straw-cement-soil composites. And, it is better 
to test the RS within cemented-sludge, not in simulated alkaline environment (such as 
alkaline solution even if they have same pH value). 
Figure 3-25 shows a comparison of unconfined compressive results of different 
initial curing condition. The samples in soil condition was 7 days curing before carrying 
out the unconfined compressive tests. Also, the samples in solution condition was 
carried out after 7 days curing from making the rice straw-cement-soil composite. 
However, the fiber in solution was pretreated in alkaline solution for 90 days. The 
results showed that the failure strength of treated RS-cemented-soil had higher than 
those of untreated RS fiber about 52%.  
  
Figure 3-25 Compressive results by differences in pre-treatment RS fiber methods 
3.4.2 Durability in cyclic drying-wetting condition 
Drying-wetting cycles associated with volume change. It leads to cracks 
formations and it is the results of shrinkage and low shear strength. In the drying phase, 
free water in the specimen is evaporated, the specimen is shrunk. And the suction 
forces are released. The forces increase until the shear stress is equal to the cohesion 
forces, then cracks will be occurred [32]–[34].  
(1) Experimental procedures 
Specimens were made by compaction method. Testing procedure is described as 
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 Cement and RS fibers were added to make modified-sludge then cure for 
3days at 20 ± 30C. 
 Make specimens (∅5xH10cm) by compaction method and cure for the next 
28days at 20 ± 30C. 
 Carry out the repeated drying-wetting tests. 
Mixing





Curing at 20 ± 30C 
28 days
Drying 40 ± 30C. 2 days





Figure 3-26 Procedure of repeated drying and wetting test with compaction method 
(2) Results and discussions 
Target values of failure strength and failure strain were set to ≥ 120 kPa and ≥ 5%, 
respectively and the failure strength after 10th cycle ≥ 90% of failure strength at 0th 
cycle [13]. Table 3-16 shows the soundness of specimens. Table 3-17 is testing 
conditions. These conditions were selected based on the optimum amount of RS and 
cement. Table 3-18 shows testing conditions for cemented-sludge.  
Figure 3-27 is results of specimens’ soundness performances of RS fiber-cement-
reinforced sludge. The results showed that most of specimens constantly keep rank-A 
respect to increasing of cycle numbers. It could be considered that RS fibers held soil 
particles and inhibited appearance of cracks. Thus, it could conclude that RS fiber-
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cement-reinforced sludge did not deteriorate even if the cycle number increased 
within 10 cycles of cyclic drying-wetting. 
Table 3-16 Soundness of specimens ranking 
Rank Crack condition Chasm condition 
A Outwardly, there is no change 
B Appearance of fine crack Appearance of surface delamination  
C Appearance of intelligible crack in part of specimen Small chasm of specimen 
D Appearance of intelligible crack over specimen Great chasm of specimen 
E Falling of specimen (~20%) 
F Specimen fall wholly, but shape of specimen is remaining. 
G Specimen fall wholly, and fragment is aggregated. 
H Specimen fall wholly, and fragment is muddy. 
Table 3-17 Drying-wetting testing conditions for RS fiber-cement-reinforced sludge 
Specimen’s 
name 
Initial water content  
(%) 
Amount of cement 
(kg/m3) 
Amount of rice straw 
(kg/m3) 
RC1 40 10 25 
RC2 50 30 25 
RC3 60 35 21 
RC4 70 40 20 
RC5 80 45 18 
Table 3-18 Drying-wetting testing conditions for cemented-sludge 
Specimen’s 
name 
Initial water content  
(%) 
Amount of cement 
(kg/m3) 
Amount of rice straw 
(kg/m3) 
C1,2 40 10, 40 0 
C3,4 60 35, 50 0 
C5,6 80 45, 60 0 
 
Figure 3-27 Specimens’ soundness for RS fiber-cement-reinforced sludge 
Figure 3-28 and Figure 3-29 indicate failure strength and failure strain, 
respectively. The failure strength at 2nd cycle was higher than that at 0th cycle several 
conditions because the hydration reaction of cement was made progress. The failure 
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From the results for this test, it could conclude that all of the optimum conditions 
satisfied the target values for failure strength, failure strain, and durability in repeating 
drying-wetting. Figure 3-30 shows the photos of specimens after 10th cycle testing. 
 
Figure 3-28 Failure strength of RS fiber-cement-reinforced sludge 
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Figure 3-31 shows results of specimens’ soundness performances of cement-
sludge. The results showed that all of specimens greatly reduced to rank-F to H (the 
worst) once they were submerged into water at the 1st wetting phase. All specimens 
were total destroyed once submerged in water. Therefore, no unconfined compressive 
results could obtain. Figure 3-32 is photos of specimens after the 1st cycle testing. It 
could conclude that cemented-sludge has low durability in repeated drying-wetting. 
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3.5 Conclusions 
In this chapter, several experiments were carried out to investigate the possibility 
to apply rice straw fiber onto mechanical improvement of fiber-cement-reinforced 
sludge. Compaction method was applied to make specimens. Strength characteristics 
and durability characteristics experiments were performed. Based on experimental 
data, some conclusions could be withdrawn was follows: 
With inclusion of only RS fiber, it could improve the unconfined compressive 
strength of sludge and also increase failure strain of sludge. It could be concluded that 
RS fiber was a possible fiber material to apply for soil. 
Several lengths of fibers were carried out to compare its modified-sludge 
strength. The results showed that the failure strength of modified-soil increased with 
the increasing of fiber length. However, the tendency could be seen at high free water 
content condition and could not clearly seen at low free water content condition. The 
failure strain of modified-soil composites with different length RS fibers were almost 
same. 
In comparison with effects of other fiber materials on compressive strength of 
modified-sludge, among rice husk, paper debris, and rice straw fiber, the adding of rice 
straw fiber had the best performance in point of view of unconfined compressive 
strength and strain. 
Also, an equation was developed based on dimensional analysis and calibrated 
by experimental data to determine the water content after curing and to determine the 
optimum initial water content for RS fiber-cement-reinforced sludge. The modified-
sludge under optimum initial water content satisfies target values for failure strength, 
failure strain, and permeability coefficient. 
Empirical functions to obtain the optimum amount of RS fiber and cement were 
obtained. Moreover, a numerical model was developed to predict the value of 
unconfined compressive strength of modified-sludge.  
Furthermore, durability in long-term conditions of RS fiber-cement-reinforced 
sludge was investigated. Within one year there was no deterioration in RS fiber-
cement-reinforced sludge. However, it is a need to investigate the strength with longer 
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curing time to study the effects of long-term condition on strength of the modified-
sludge. For failure strain, it seemed that the failure strain of two conditions decreased 
with increasing of curing time from 7 days to 365 days. However, the failure strains 
were still far greater than target value (more than 5%). it could conclude that the 
roughness surface of fiber is the key effecting parameter on strength and strain of RS 
fiber-cement-reinforced sludge. Moreover, the RS in in-soil condition has slightly 
deterioration compared with those in-solution even if they have same pH value (or 
alkaline environment effect). Therefore, the RS fiber in cemented-sludge could keep its 
strength for longer time than those exposed outside. In the other ways, the RS fiber in 
soil has longer supporting life for rice straw-cement-soil composites. In the other hand, 
to test long-term durability of RS fiber-cement-reinforced sludge, it is better to test the 
RS within cemented-sludge, not in simulated alkaline environment (such as alkaline 
solution even if they have same pH value). 
Finally, the durability in repeated drying-wetting condition of optimum mixing 
conditions of RS fiber-cement-reinforced sludge were carried out. The results showed 
that most of specimens constantly keep rank-A respect to increasing of cycle numbers. 
Only the one condition was reduced to rank-B at 10th cycle. However, its soundness 
was still good enough to apply. Thus, it could conclude that RS fiber-cement-reinforced 
sludge did not deteriorate within 10 cycles of repeated drying-wetting. Therefore, all 
of the optimum conditions satisfied the target values for failure strength, failure strain, 
and durability in repeating drying-wetting. The results of specimens’ soundness 
performances of cement-reinforced sludge showed that all of specimens greatly 
reduced to rank-F to rank-H (the worst) once they were submerged into water at the 
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4.1 Permeability characteristics 
4.1.1 Introductions 
The property of soil to transmit water is known as soil permeability. It is one of 
fundamental processes in geotechnical and geo-environmental engineering. The pore-
water pressure, whether positive or negative, is an integral component of the stress 
state within the soil and consequently has a direct bearing on the shear strength and 
volume change behavior of soil [1]. In general, it is driven by an energy which 
associated with the total head of water (or pore water pressure) and elevation.  
When soil is in unsaturated state, hydraulic conductivity becomes a function of 
the negative pore-water pressure in the soil. It is a complex processing. As a non-linear 
problem, it is difficult and no meaning to determine the permeability coefficient at 
unsaturated stage of soil. Therefore, the study is carrying out the experiments to 
determine the permeability with saturated soil. Figure 4-1 shows a sketch of water go 
through a soil structure. The knowledge of soil permeability is necessary for: 
 Estimating the quantity of underground seepage. 
Chapter 4 
Permeability characteristics and 
durability for erosion of rice straw-
cement-reinforced sludge 
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 Solving problems involving pumping seepage water from construction 
exaction. 
 Stability analyzing of earth structures and earth retaining walls subjected to 
seepage forces such as earth dam. Figure 4-2 shows paths of seepage through 
embankment dams. 
Loose soil Dense soil
Water currents
 
Figure 4-1 Sketch of water go through soil structure 
 
Figure 4-2 Paths of seepage through embankment dams [2] 
 
Figure 4-3 Apparatus of permeability 
test [3] 
Soil permeability is measured by hydraulic conductivity (k, cm/s) also known as 
permeability coefficient. The permeability coefficient can be determined in laboratory. 
Figure 4-3 is the permeability’s apparatus. Hydraulic conductivity of soils depends on 
several factors, such as: 
 Fluid viscosity. Increasing water temperature causes a significant increase in 
the hydraulic conductivity of the soils.  
 Property of pore water. The soil permeability is changed by changing of soil 
density and also its location below or under the water talbe. 
 Void ratio. The increasing in the void ratio increases the area available for the 
flow hence increase the permeability’s soil. 
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 Degree of soil saturation. Higher degree of saturation, higher will be the 
permeability. 
The permeability of fiber-cemented-soil was studied and proposed some results 
that the compacted clay improved by rice straw fibers had relatively high level of 
resistance towards cracking and increase of permeability [4]. It were decreased with 
an increase of cement or fiber content, and affect by the initial water content [5]–[8]. 
Furthermore, other results showed that random fiber inclusion did not produce a 
significant effect on hydraulic conductivity of the soil [9]–[11]. It was perhaps if fibers 
were longer, they would have provided longer paths for water to drain quicker, thus 
increasing the hydraulic conductivity of the samples.  
In theory, soil permeability follows Darcy’s Law [12][13]. In laboratory, there are 
two methods to investigate the permeability coefficient. These methods are constant-
head test and falling head test. Constant head method is used for soil of much 
permeability and falling head method is used for soil of little permeability. The ASTM 
D2434 and ASTM D5084 standards are applied for testing permeability coefficient 
[14][15]. 
The purposes of this test were to investigate the effects of adding cement and RS 
fibers on permeability coefficient and to modify the optimum functions of RS content 
and cement content with combining effects of strength-strain, durability, and 
permeability target values. Furthermore, an empirical function was withdrawn to 
estimate the permeability coefficient. 
4.1.2 Materials and procedures 
Imitated sludge-1, cement, and RS fibers were applied. Figure 4-4 shows testing 
procedure and described as follows.  
 Add RS fibers and cement to make modified-sludge and cure it at 20 ± 30C for 
3 days. 
 Make specimens (5cm in diameter and 5.1cm in height) by compaction 
method. The specimens were compacted with four layers (5 times for the first 
layer, 10 times for the second layer, 10 times for the third layer, and 20 times 
for the final layer), then cure the specimens for 7 days at 20 ± 30C. 
 
- 86 - 
 Soak the specimens in water for 1 day at 20 ± 30C. Measure temperature of 
the water which are going to use for the test. 
 Carry out the falling head test.  
Mixing to make 
imitated sludge
Curing at 20 ± 30C
3 days
Making specimen












Figure 4-4 Permeability testing procedure 
According to Darcy’s law, the permeability coefficient at 150C, K15, is bellowed 













Where A: cross sectional area of sample, L: length of sample, a: cross sectional 
area of scale tube, t: experimental time, h1,2: water head before and after t time. 
Table 4-1 ƞT/ ƞ15 coefficient 
T (0C) 0 1 2 3 4 5 6 7 8 9 
0 1.575 1.521 1.470 1.424 1.378 1.336 1.295 1.255 1.217 1.181 
10 1.149 1.116 1.085 1.055 1.027 1.000 0.975 0.950 0.925 0.925 
20 0.880 0.859 0.839 0.819 0.800 0.782 0.764 0.748 0.731 0.715 
30 0.700 0.685 0.671 0.657 0.645 0.632 0.620 0.607 0.596 0.584 
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4.1.3 Results and discussions 
Table 4-2 shows the mixing conditions for this test. Bentonite was used as anti-
seepage structure in geotechnique. And the permeability coefficient of bentonite is 
lower than 1x10-6cm/s. Moreover, 1x10-6cm/s is the standard value required for 
compacted soil barrier layer in Japan [5][16]. Therefore, the target value for the 
hydraulic conductivity of modified-soil was set to be less than 1x10-6cm/s. 
Table 4-2 Testing conditions for hydraulic conductivity tests 













10 0, 10, 25 
70 
40 20, 40, 50 
20 0, 10, 25 50 20, 40, 50 
30 0, 10, 25 60 20, 40, 50 
60 
35 0, 10, 21, 30 
80 
45 0, 10, 18, 40, 50 
40 0, 10, 30 55 18, 40, 50 
50 0, 10, 30 65 18, 40, 50 
 
Figure 4-5 shows permeability coefficient results of rice straw fiber-cement-
reinforced sludge. From the results some conclusions could be drawn as follows: 
 Increasing of RS fiber content decreased the permeability coefficient. 
 Increasing of cement content decreased the permeability coefficient. 
 Increasing of initial water content increased the permeability coefficient. 
The combining effects of RS fibers and cement inclusions on hydraulic 
conductivity can be discussed through the apparent water content after curing of the 
composite (wac). The equation wac was developed and calibrated in chapter 3. From the 
equation the free water content after curing of the composites could be determined. 
The relationship between wac and K15 is shonw in Figure 4-6. In this figure, the K15 
decreased with decreasing wac. Based on the data, an empirical equation were obtained 
to estimate the value of K15. By applying the equation, the K15 could be obtained if the 
wac determined. In actual conditions, with a mixing condition of RS fiber-cement-
reinforced sludge, the wac could be early obtained.  
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Figure 4-5 Permeability coefficient of rice straw fiber-cement-reinforced sludge 
 
Figure 4-6 Permeability coefficient versus water content after curing 
Table 4-3 Optimum conditions of RS fiber-cement-reinforced sludge 




Rice straw content 
(RS, kg/m3) 
40 10 25 
50 30 25 
60 35 21 
70 40 20 
80 45 18 
On previous chapter, the optimum conditions of RS fiber content and cement 
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values for two experiments: unconfined compressive test and durability test. Table 4-3 
shows the optimum conditions. 
Hydraulic conductivity of the optimum conditions were tested and shown in 
Figure 4-7. The results showed that K15 of optimum conditions at initial water content 
60%, 70%, and 80% did not satisfy target value for this test. Therefore, it was a need 
to modify the optimum conditions. From perspective of permeability, modified-
optimum conditions were determined as follows in Table 4-4. The modified-optimum 
conditions were modified from the original optimum conditions (Table 4-3) based on 
the target value of permeability tests.  
 
Figure 4-7 Permeability coefficient of optimum conditions 









40 10 25 7.30E-08 
50 30 25 3.92E-07 
60 35 27 1.00E-06 
70 50 40 9.74E-07 
80 50 50 9.84E-07 
In Table 4-4, the optimum conditions of initial water content 40% and 50% have 
satisfied target values for 3 types of experiments (unconfined compressive test, 
durability for repeated drying and wetting test, and permeability test). The rest of them 
has only satisfied permeability test’s target value. It thus needs to check out with 
unconfined compressive test and durability in repeated drying-wetting test. Table 4-5 
shows the testing conditions for the next experiments (unconfined compressive test 
and durability in repeated drying-wetting test). 
Figure 4-8 are results of failure strength and failure strain of three modified-
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failure strength and failure strain. As results, it could conclude that the modified-
optimum conditions satisfied unconfined compressive test and permeability test.  
Table 4-5 Testing conditions for unconfined compressive and durability in repeated drying-wetting tests 
wini (%) C (kg/m3) RS (kg/m3) 
60 35 27 
70 50 40 
80 50 50 
 
 
Figure 4-8 Unconfined compressive results of modified-optimum conditions 
Moreover, the modified-optimum conditions (Table 4-4) were carried out with 
durability in repeated drying-wetting test. Figure 4-9 shows the soundness 
performances of the modified-optimum’s specimens. The result showed that the 
condition with 60% initial water content kept rank-A constantly until 10 cycles. 
However, the conditions with 70% and 80% could keep the rank-A till the 7th cycle and 
then reduced to rank-B till the 10th cycle. In soundness performance perspective, it 
could conclude that three modified-optimum conditions were still good enough to 
apply for the durability test. Figure 4-10 shows failure strength and failure strain 
graphs of modified-optimum conditions. The strength’s results indicated that only the 
strength of condition for 60% initial water content can pass the target value for 
strength of durability (no lower than 90% of strength reducing compare to the 0th 
cycle). For the failure strain, all of conditions are higher than 5% and keep constantly 
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Figure 4-9 Soundness performance of modified-optimum conditions 
 
 
Figure 4-10 Failure strength and strain with cycle number of modified-optimum conditions 
In summary, three types of experiments have conducted to determine for 
optimum conditions for RS fibers and cement content. Some conclusions can be seen 
as follows: 
A
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D W D W D W D W D W D W D W D W
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 Only three optimum conditions could satisfy three types of experiments 
(unconfined compressive, durability in repeated drying-wetting, and 
permeability test). It is shown in Table 4-6. 
 Table 4-7 shows the optimum conditions which satisfying two experiment 
target values (unconfined compressive test and durability test). These 
conditions can be applied if the construction sites just need the modified-
sludge to satisfy two conditions for strength and strain, and durability in 
repeated drying and wetting. 
 Table 4-8 shows the optimum conditions which satisfying two experiment 
target values (unconfined compressive test and permeability test). These 
conditions can be applied if the construction sites just need the modified-
sludge to satisfy two conditions for strength and strain, and permeability. 
 
Table 4-6 Optimum conditions which satisfying three types of experiments 
wini (%) C (kg/m3) RS (kg/m3) 
40 10 25 
50 30 25 
60 35 27 
Table 4-7 Optimum conditions which satisfy unconfined compressive test and durability test 
wini (%) C (kg/m3) RS (kg/m3) 
40 10 25 
50 30 25 
60 35 21 
70 40 20 
80 45 18 
Table 4-8 Optimum conditions which satisfying unconfined compressive test and permeability test 
wini (%) C (kg/m3) RS (kg/m3) 
40 10 25 
50 30 25 
60 35 27 
70 50 40 
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4.2 Durability for erosion 
4.2.1 Introduction 
Soil erosions is one of the main reason for riverbanks failure. The erosion 
represents the breakdown, detachment, transport, and redistribution of soil particles 
under the force of flowing water, wind, and gravity [17], [18].  
In Mekong delta, there are approximately 60-70 locations with an average bank 
erosion to 10m/year and more. Especially, some places were extremely eroded to 30-
50m/year. The historic flood of 2000 at one place resulted in 70 m of erosion [19]–[21]. 
Vietnamese government has established various programs to mitigate, and adapt the 
erosion with significant funding however the soil losses are still significant and new 
approaches are needed to further improve sedimentation control [22]–[25]. Figure 
4-11 shows some locations of riverbank failure. 
The riverbank erosion occurs when the driving forces of water (hydraulic) and 
gravity (geologic) are greater than the ability of the streambank to resist them, thus 
resulting in a failure [26][27]. The erosion is affected by factors as follows: 
 Soil’s properties. Soils with high sand content have low erodibility and soils 
with high clay content expose to have high erodibility resistance. Meanwhile, 
soils with high silt percentage are considered to be the most erodible since 
silt particles can be easily detached [28]. Water content in soil also affects to 
the erosion rate. High soil water content can increase the runoff rate and yield 
the erosion rate. 
 Flow properties of water such as viscosity, velocity, turbulence, and so on. 
 Shape of streambanks such as slope.  
 Effects of ground water level and other factors. 
Jets have been used to test the erodibility of cohesive streambank soil since 
1950’s to determine two essential parameters that account for the resistance of soil 
materials, kd and c [29]–[32]. Jet is a concentrated flow of fluid. The Jet can be either 
unsubmerged, such as the case of a water jet discharging into air, or it can be 
submerged, where the jet is discharging into the same fluid.  
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Bank erosion at Cho Moi, An Giang Province, 
Vietnam [33] 
 
Officials observe an eroded area in Ca Mau 
Province, Vietnam [33] 
 
Bank erosion at Cho Moi, An Giang Province, 
Vietnam [34] 
 
Bank erosion at Vamnao, An Giang Province, 
Vietnam [35] 
Figure 4-11  Bank erosion cases in Mekong Delta 
Cohesive streambank soil erosion on is a complex erosion processing. That is the 
combining effects between soil mechanic and flow fluid mechanic. It is generally 
assumed that soil erosion rate can be described by the excess shear stress equation 
[30]: 
    
a
r d c
k  (4-2) 
Where: εr: the erosion rate (cm/s), kd: the erodibility coefficient (cm3/N.s) 
causing detachment at the bed, τ: the effective boundary hydraulic shear stress (Pa), 
τc: the critical shear stress (Pa). The value is defined as the stress created on the soil 
surface by the flow below which no erosion occurs, a: the exponent is often assumed 
to be 1 or is absent from the equation [30], [36]. Parameters kd and τc depend on soil 
properties: texture, percentages of clay, silt, particle sizes, initial water content and so 
on.  
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Study on soil erosion by jets is important for assessing the stability of soil-made 
hydraulic structures, such as earth dam, earth dike, canal and river, water gates, and so 
on, that may be affected by erosion of its surface or its downstream bed. Much works 
have been done to investigate the submerged jet erosion on cohesionless soils such as 
sand or loose materials [37]–[42]. There have been comparatively fewer investigations 
undertaken to study the scour of cohesive soils or clay [43][44].  
Several studies have been conducted on soil erosion by jets and the results 
showed that there was a linear relationship between the scour depth and the logarithm 
of time [30], [45], [46]. And the first erosion and maximum bed shear stress occurred 
at the location that was a small distance away from the centerline of the jet [47]. 
Furthermore, a link between the erosion types and the soil’s bulk density was 
suggested by the work of Huang [48].  
In summarily, purposes of the experiments were: 
 To examine the characteristics of scour in clayey soil by submerged jets 
erosion tests. It was done by varying the soil properties through changing the 
initial mixing conditions such as amount of RS fibers, amount of cement, water 
content of imitated sludge, and types of fiber materials rather than changing 
of hydraulic properties of the system. 
 To compare the differences on effects of paper fragment and RS fibers on 
erosion characteristics such as erodibility coefficient and critical shear stress 
of modified-sludge. 
 To develop an empirical relationship for the values of erodibility coefficient 
and critical shear stress in RS fiber-cement-reinforced sludge. 
4.2.2 Materials and procedures 
Imitated sludge, cement, RS fibers, and paper fragment were applied. A 
submerged circular impinging jet was employed. The jets are produced from a circular 
nozzle that is issuing into a stationary fluid and is directed to impinge against a 
boundary or wall. Procedure of the experiment is described as follows and shown in 
Figure 4-12: 
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 Add fibers and cement to make modified-sludge then cure at 20 ± 30C for 3 
days. 
 Make specimens by compaction method. It was compacted at 4 layers (5 times 
for the first layer, 10 times for the second layer, 10 times for the third layer, 
and 20 times for the final layer) with the rammer properties were 1.5kg in 
weight and 20cm in free-fall height), then cure for 7 days at 20 ± 30C. 
 Carry out the submerged jet erosion tests. 
Figure 4-13 is the laboratory submerged jet apparatus. The erosion rate, εr (cm/s), 
is common in assessing of proportional to the effective shear stress beyond the critical 
shear stress, and the erodibility coefficient of the tested soil. The correlation is often 
expressed as: 
    r d ck  (4-3) 
Where: kd: the erodibility coefficient (m3/N.s) causing detachment at the bed, τ: 
the effective boundary hydraulic shear stress (Pa), τc: the critical shear stress (Pa). 
The erodibility coefficient (kd) shows how ease of the soil particles detach and is 
defined as a detachment rate when the effective stresses are greater than τc. And the 
critical shear stress (τc) is defined as the stress that created on the soil surface by the 
jets below which no erosion occurs. 
Figure 4-14 is schematic of the submerged jet apparatus. The apparatus consists 
of adjustable jet tube, nozzle, adjustable head tank, submergence tank, and pump to 
supply water. Transparent tube was applied in order to observe of air accumulation in 
the tube. At the bottom center of the tube, one 4mm orifice was opened. The flow 
velocity at the nozzle was 6.86m/s. Water head was set to equal 2.4m. At 
predetermined time intervals, measure the centerline scour depth of eroded soil 
surface. Record a set of 6-12 readings was recommended for analysis purposes. Figure 
4-15 shows the stress distribution from the jets. 
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Mixing to make 
imitated sludge
Curing at 20 ± 30C
3 days
Making specimen
Curing at 20 ± 30C
7 days






Figure 4-12 Procedure to carry out the submerged jet erosion tests 
 
 
Figure 4-13 Laboratory submerged jet apparatus 
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Figure 4-15 Schematic of circular submerged jet with parameters and stress distribution [31] 
As the scour depth increases with time, the applied shear stress decreases due to 
increasing dissipation of jet energy to the soil surface. Detachment rate is initially high 
and asymptotically approaches zero as shear stress approaches the critical shear stress 
of the bed material. Growth of the scour hole has been found to be nearly related to the 
logarithm of time. Scouring continues with a decreasing scour rate until the scour hole 
reaches an "asymptotic", "equilibrium", or "ultimate state", when there is no noticeable 
change in the scour hole dimensions [44]. The required length time to reach the 
equilibrium scour depth could be very large and difficult. Study on scour of 
cohesionless sands showed that it was continued to be eroded even after 14 months 
[41]. To compute the equilibrium scour depth, the relation between scour and time was 
assumed to follow a logarithmic-hyperbolic function. Fitting the jet-test data to the 
logarithmic-hyperbolic method can predetermine c and kd by curve-fitting measured 
values of scour depth versus time and minimizing the error of the measured time 
versus the predicted time [49]. 
Followings are the analyze to determine the critical shear stress c and erodibility 
coefficient kd. The initial stress i can be determined as the following equations with 
the parameters were described in Figure 4-15. 
 
2
i 0 p i/  J J  (4-4) 
p d 0J C d  (4-5) 
2
0 f 0 C U  (4-6) 
0 2U gh  (4-7) 
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Where: τi : initial peak boundary stress prior to scour (Pa), τ0 : the maximum 
stress due to the jet velocity at the nozzle (Pa), Jp: the potential core length (m), Ji: the 
initial jet orifice height (m), Cd: the diffusion constant, Cd = 6.3, d0: the nozzle diameter, 
d0 = 4 (mm), Cf: the coefficient of friction, Cf = 0.00416, 𝜌: the fluid density (kg/m3), U0: 
the velocity at the jet nozzle (m/s), g: the gravity acceleration constant, g = 9.81 (m/s2), 
h: water head (m). 
The potential core length Jp is the distance from the jet nozzle that the jet velocity 
at the jet center is still equivalent to the velocity at the nozzle. Typically, it is 6 times of 
nozzle diameters. Moreover, the initial stress, τi, could be controlled by changing the 
height of nozzle, Ji, and the water head, h. 
Spreadsheet routine has been used for analyzing data. The important parameters 
for conducting and analyzing the test are the jet velocity at the nozzle U0, jet height J, 
jet diameter d0, time lap, and the initial parameters for controlling the initial stress.  
The sample’s surface in the jet zone started to erode when the jet was applied 
into the submergence tank until reaching an equilibrium depth Je. Analysis of the jet 
erosion test was based on the assumptions that 1) the equilibrium depth was the scour 
depth at which the stress at the boundary was no longer sufficient to cause additional 
erosion, and 2) the rate of change in the depth of scour through time prior to reaching 
equilibrium depth was a function of the maximum stress at the boundary and the 
erodibility coefficient kd [29]–[31]. The procedure to determine the critical shear stress 
τc and erodibility coefficient kd was a 2-step progress. 
 Step 1: determine the critical shear stress τc 
The parameter was specified based on the equilibrium scour depth Je. However, 
it takes very large length of time to reach the Je. Therefore, the Je was estimated from 
the experimental data of scour depth data versus time. A hyperbolic function for 
estimating the equilibrium depth was developed by Blaisdell et al. [41]. The general 





   
 
x f f A  (4-8) 
Where: A: value for semi-transverse and semi-conjugate axis of the hyperbola, 
 0 0log /x U t d ,       0 0 0 0log / log / log /  f J d U t d J U t ,  0 e 0log /f J d , U0: 
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the velocity at the jet nozzle (m/s), t: time of data reading, d0: the nozzle diameter, d0 = 
4 (mm). 
The sum of the deviations between the experimental value and functioned value 
of x were minimized by repeating the searching for A and f0 values with A=1 and f0=1 
as the initial guess at the starting time (in this research, spreadsheet routine and 
Python programing were applied for determining). Once the value of A and f0 were 
found, the value of Je could be determined. Then, the value of the critical shear stress 












Where: τc : the critical shear stress (Pa), τ0 : the maximum stress due to the jet 
velocity at the nozzle (Pa), Jp: the potential core length (m), Je: the equilibrium scour 
depth (m). 
 Step 2: determine the erodibility coefficient kd 
The parameter was determined based on the value of the critical shear stress, 
scour depth versus time, and one more parameter: the dimensionless time function 
**
* *i





    
      
     
JJ
t T J J
J J
 (4-10) 
Where: tm: measured time (s), Tr: reference time, J*: dimensionless scour term, 
J/Je, J*i: dimensionless scour term at Ji/Je, J: distance from the nozzle to the centerline 
depth of scour, Ji: the initial distance from the nozzle to the soil surface.  
The erodibility coefficient kd was determined based on the searching for 
minimize the sum of the deviation of the observed value and functioned value of tm. 








Where: kd : erodibility coefficient (m3/N.s), τc : the critical shear stress (Pa), Je: 
the equilibrium scour depth (m), Tr: reference time. 
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Figure 4-16 shows a typically graphical view of estimation equilibrium depth and 
dimensionless time function. 
  
Figure 4-16 Graphical view of estimation of equilibrium depth and dimensionless time function [31] 
4.2.3 Results and discussions 
Table 4-9 is testing conditions. The procedures of experiments and analysis for 
the submerged jet erosion tests were detailed on previous section. To be more details, 
an example is presented to illustrate how the jet tests results and analysis method are 
applied to determine the values of the critical shear stress and erodibility coefficient. 
The selected condition was of the sludge at 40% of initial water content, RS content = 
15 kg/m3, and cement content = 0 kg/m3.  
Figure 4-17 show the scour depth reading for the condition of W40C0RS15. Based 
on the scour depth readings, the critical shear stress τc and the erodibility coefficient 
kd were analyzed. Figure 4-18 and Figure 4-19 show the graphical view of estimation 
of equilibrium depth and graphical view of dimensionless scour function optimization 
for the condition of W40C0RS15#1 by apply non-linear regression method in 
spreadsheet. 
Based on the analysis in Figure 4-18 and Figure 4-19, the value of the critical 
shear stress τc and the erodibility coefficient kd could be obtained. And the average 
equilibrium scour depth was 1.1m. Table 4-10 shows the results for the condition of 
W40C0RS15.  
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Although soil erosion resistance and erodibility of all the testing conditions in 
Table 4-9 cannot be represented for all types of soil, general ranks from the soil erosion 
resistance to submerged jets could be applied as the basics for jets erosion studies at a 
larger scale.  














0 0, 15, 30 0 
5 0, 15, 30 0 
10 0, 15, 30 0 
15 0, 15, 30 0 
60 
25 0, 15, 30 0 
30 0, 15, 30 0 
35 0, 15, 30 0 
80 
40 0, 15, 30 0 
45 0, 15, 30 0 
50 0, 15, 30 0 
80 
40 0 0, 15, 30 
45 0 0, 15, 30 
50 0 0, 15, 30 
 
Figure 4-17 Plots of scour depths versus time for W40C0RS15 
Table 4-10 Results of τc and kd for W40C0RS15 
Condition 
τc (Pa) kd (cm3/Ns) 
Average # 1 # 2 # 3 Average # 1 # 2 # 3 
W40C0RS15 0.1013 0.0984 0.1100 0.0954 0.4507 0.4522 0.4446 0.4554 
 
Figure 4-20, Figure 4-21, and Figure 4-22 show the scour distance developments 
for the conditions of W40%, W60%, and W80% with RS fibers inclusion, respectively. 
The scour distance (mm) is defined as the distance from the nozzle to the eroded soil 
surface at the measured moment. Figure 4-23 shows the scour distance development 
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Figure 4-18 Graphical view of estimation of equilibrium depth of W40C0RS15 #1 
 
 
Figure 4-19 Graphical view of dimensionless scour function optimization of W40C0RS15 #1 
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Figure 4-21 Scour development of W60% conditions-RS fibers 
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Figure 4-23 Scour development of W80% conditions -paper fragment 
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From the results, the intensities of scour distance development were significantly 
high at the beginning of the test and gradually reduced along to increasing of testing 
time. The shape of scour distance developments were liked parabolic. In generals, the 
scour distance decreased with increasing amount of cement or fiber materials (such as 
RS fibers or paper fragment). At the same condition of amount cement, the scour 
distance was decreased with increasing fiber materials. Also, at the same amount of 
fiber materials, the increasing of cement content could reduce the scour distance of 
modified-sludge. That is because the shear strength of modified-sludge increased with 
increasing either cement content or fiber content. Compared to fiber materials, the 
increase of same amount of cement could significantly reduce the scour distance. 
Furthermore, the scour distance could significantly decrease by decreasing of initial 
water content or in other words it was affected by the degree of soil saturation. 
Figure 4-24 shows the comparisons of scour distance developments at W80% of 
modified-sludge with RS fibers and paper fragment inclusions. It shows that in most of 
testing conditions the inclusion of RS fibers could reduce the scour distance better than 
paper fragment. That is maybe because the dimensions and relative stiffness of RS 
fibers are higher than paper fragment. RS fibers are larger in diameter and longer than 
paper fragment. Therefore, it could resist to the effects of directly water jets on its body 
better than paper fragment. However, at the condition of higher amount of cement and 
fiber materials, due to the longer length, RS fibers would gather in clusters inside the 
soil sample, which makes fibers difficult to be distributed uniformly. It is easy to form 
the weak stress in the structure [50]. Moreover, the RS fibers in the modified-sludge 
maybe was be lower in tension, bending, torsion. The bending and torsion was not 
beneficial for the soil strength, which makes the crack of soil and the sliding fissures 
inside the structure.  
Figure 4-25, Figure 4-26, Figure 4-27, and Figure 4-28 show the photo of soil 
specimens after JET tests. 
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W40C0RS0 
    
W40C0RS30 
    
W40C5RS0 
    
W40C5RS30 
    
W40C15RS0 
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W40C15RS30 
Figure 4-25 Soil specimens after JET tests for the conditions of W40%-RS fibers 
It showed that modified-sludge did not erode in one manner, but showed a 
number of different types depending on the ratio of mixing materials such as initial 
water content, cement, and fiber content. Previous studies mentioned that sludge were 
typically eroded particle by particle, named as “surface erosion”, or by the removal of 
clumps of soil named “mass” or “bulk” erosion. More consolidated clayey soils could be 
eroded by the removal of flakes from the surface, named “flake erosion”. The “flake 
erosion” occurred once only thin flakes were removed from the soil surface. The flake 
sizes were circular in shape and were typically 1–3 mm in diameter, with a thickness 
of less than 0.5 mm. The end result of flake erosion was a scoured out circle centered 
around on the jet centerline [51]. The “mass erosion” was observed as the erosion of 
small to large chunks of soil. The eroded soil appeared to be ripped or torn from the 
specimen’s matrix [43]. The other type of erosion occurred at higher applied stresses 
tested or low shear stress of tested soil, named as “rapid surface erosion” or “surface 
erosion”. For this type of erosion, at the start of the test the jet tank would become very 
cloudy. After a few minutes, a very smooth depression formed.  
The experimental results showed that at the condition W40C0RS0, the specimen’s 
surface was rapidly eroded. The type of the erosion was “rapid surface erosion”. By 
adding the RS fibers from 15 kg/m3 to 30 kg/m3, the scour volume of the specimens 
reduced. At the condition W40C0RS30, the type of the erosion could be classified to the 
“mass erosion type”. Moreover, once the cement material was added, the scour hole 
was significantly reduce. At the condition of highest amount cement content, the scour 
hole could be classified into the “flax erosion” type. Also, at the same condition of 
cement content, if the fibers increases, the scour hole will significantly reduce. The 
types of erosion developed in order from “rapid surface erosion”, “surface erosion”, 
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“mass erosion”, and finally to “flax erosion”. And the “mass erosion” was the dominant 
erosion type. The eroded piece was usually closest to the jet centerline. 
    
W60C25RS0 
    
W60C25RS30 
    
W60C35RS0 
    
W60C35RS30 
Figure 4-26 Soil specimens after JET tests for the conditions of W60%-RS fibers 
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W80C40RS0 
    
W80C40RS30 
    
W80C50RS0 
    
W80C50RS30 
Figure 4-27 Soil specimens after JET tests for the conditions of W80%-RS fibers 
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W80C40PP30 
    
W80C40RS30 
    
W80C50PP30 
    
W80C50RS30 
Figure 4-28 Soil specimens after JET tests for comparison between conditions of W80%-RS fibers and 
W80%-paper fragment 
Figure 4-28 shows the comparisons of scour developments with RS fibers 
inclusion and paper fragment inclusion. The results showed that the erosion type of 
specimens with adding of RS fibers or paper fragment at the same condition of initial 
water content, cement content, and fiber content was mostly same type. In most of 
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tested conditions, the scour dimensions of modified-sludge with RS fibers had greater 
than the one with paper fragment.  
Results of critical shear stress and erodibility coefficient were shown in Figure 
4-29. The results showed that the τc increased by increasing either amount of cement 
or amount fiber materials (RS fibers or paper fragment). It seemed that the increasing 
rate of τc by increasing the amount of fiber materials at lower cement content have had 
lower than the one at higher cement content. Moreover, the kd reduced by increasing 
of either cement content or fiber materials content. An inverse relationship between τc 
and kd was observed, where soils exhibiting a low τc have a high kd and soils having a 
high τc tend to have a low kd. In comparisons of effects of RS fibers and paper fragment 
inclusion, most of tested conditions exposed that by adding of RS fibers the τc had 
greater than the one with adding of paper fragment. Also, the kd with RS fibers inclusion 
had lower than the one with paper fragment adding.  
Figure 4-30, Figure 4-31, Figure 4-32, and Figure 4-33 are the classifications of 
the susceptibility to erosion based on the critical shear stress τc and erodibility 
coefficient kd. All the results of τc and kd were plotted in these figures. The tested-soils 
were classified into 5 orders of categories vary from “Very erodible” to “Very resistant” 
[52].  
Results indicated that there was a wide of variation in the erosion resistance of 
the modified-sludge by adding fiber materials and cement, spanning 5 orders of 
magnitude for τc and kd. The most erodible modified-sludge that was tested was 
imitated-sludge at the condition of W40% (without adding of cement and fiber 
material), with τc closed to 0.03 Pa and kd as high as 1.49 cm3/Ns. The condition scoured 
rapidly even under low stresses and few testing time. Most of testing conditions were 
resulting in a classification from “Erodible” to “Resistant”. The effects of adding of 
cement material and fiber materials onto the results of τc and kd could be explained as 
the insertion of cement increases the strength whilst the insertion of fiber material 
reduces the shrinkage crack and hydraulic conductivity hence decreases the erodibility 
of soil matrix. 
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Figure 4-30 Classifications of modified-sludge at W40% 
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Figure 4-32 Classifications of modified-sludge at W80% with RS fibers inclusion 
 
 
Figure 4-33 Classifications of modified-sludge at W80% with paper fragment inclusion 
Using the all results of τc-kd for the modified-sludge with RS fibers inclusion, a 
power law relationship was obtained in Figure 4-34, where kd was estimated as a 
function of τc with R2 = 0.57 for the parameters derived from the scour depth solution 
approach. Originally, for cohesive soils, there was a similar trend between the 
measured data and the Hanson and Simon (2001) [52] relationship for the τc-kd 
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recently updated by Simon et al. (2011) [53] when the parameters were derived with 
the Blaisdell solution approach. The predicted correlation of τc-kd based on the 
experimental data has similarity to the result of Hanson and Simon (2001).  
 
Figure 4-34 Correlation between τc and kd for modified-sludge with RS fibers inclusion and comparison to 
previously proposed relationships by Hanson and Simon [52] (dashed line) and Simon et al. [53] (dotted 
line) 
4.3 Conclusions 
On the chapter, permeability characteristics and scour by a submerged circular 
turbulent jet of fiber-cement-reinforced were investigated. Furthermore, the optimum 
conditions for amount of RS fibers and cement were modified when considering target 
values for compressive strength-strain, durability in repeated drying and wetting, and 
permeability tests. Based on experimental data, some conclusions were discussed. 
On the permeability tests of the modified-sludge, with an increasing of either RS 
fibers content or cement content, the permeability coefficient of the modified-sludge 
could significantly reduce. Compared to cemented-sludge, RS fiber-cemented-
reinforced sludge has better effects on permeability coefficient. The combining effects 
of RS fibers and cement inclusions on hydraulic conductivity of RS fiber-cement-
reinforced sludge could be discussed through a parameter of the apparent water 
content after curing of the composite (wac). From the experimental data, an empirical 
equation were obtained to estimate the value of K15 from the value of wac. By applying 
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a mixing condition of RS fiber-cement-reinforced sludge, the wac could be early 
obtained.  
On the submerged jet erosion tests, some important observations included: 
 Scour depth decreased with either increasing of amount of cement or fiber 
materials, or decreasing of initial water content. Compared to fiber materials, 
the increase of same amount of cement could significantly reduce the scour 
distance.  
 In most conditions, the inclusion of RS fibers could reduce the scour distance 
better than PP.  
 The modified-sludge did not erode in one manner, but showed a number of 
different types of erosion depending on the properties of the modified-sludge. 
The types of erosion were “rapid surface erosion”, “surface erosion”, “mass 
erosion”, and finally to “flax erosion”. And the “mass erosion” was the 
dominant erosion type.   
 τc increased by increasing either amount of cement or amount fiber materials. 
Moreover, kd reduced by increasing of either cement or fiber content. An 
inverse relationship τc and kd was observed, where soils exhibiting a low τc 
have a high kd and soils having a high τc tend to have a low kd. Most of tested 
conditions exposed that by adding of RS fibers the τc had greater than the one 
with adding of PP. Also, the kd with RS fibers inclusion had lower than the one 
with PP adding.  
 A power law correlation was obtained where kd was estimated as a function 
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5.1 Conclusions 
The main goal of this research work is to evaluate the possibility to apply the 
“Fiber-cement-stabilized soil method” to recycle the dredging sludge in Vietnamese 
Mekong delta using local fiber materials rice husk and rice straw. This research has 
addressed mainly three topics: 
 Strength & durability of rice husk-cement-reinforced sludge. 
 Strength & durability of rice straw-cement-reinforced sludge. 
 Permeability & durability for erosion of rice straw-cement-reinforced sludge 
The followings are the summary and conclusions of the each topic. 
Chapter 2 evaluated the effects of randomly distributed raw RH, and cement 
inclusion on unconfined compressive strength and cyclic drying-wetting durability. 
The results indicated that the failure strength significantly increased with increasing 
of the amount of RH and decreased with the decrease of particles grain size. However, 
it showed a maximum at certain amount of RH. The inclusion of longer length RH 
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obtained to predict the optimum of cement and RH. Furthermore, the modified-sludge 
has low durability in cyclic drying-wetting conditions.  
Chapter 3 described the possibility to apply RS fibers in fiber-cement-reinforced 
sludge. Compaction method was applied to make specimens. It showed that the 
inclusion of RS fibers could improve the sludge’s strength. Among RH, PP, and RS fibers, 
the adding of RS fiber had the best performance in point of view of unconfined 
compressive strength and strain. Also, an equation was developed to determine the 
water content after. Empirical functions to obtain the optimum amount of RS fibers and 
cement were obtained. Moreover, a numerical model was developed to predict the 
value of unconfined compressive strength. Furthermore, within one year there was no 
deterioration in RS fiber-cement-reinforced sludge. The modified-sludge did not 
deteriorate within 10 cycles of cyclic drying-wetting. 
Chapter 4 presented the experiments on permeability and on scour of RS fiber-
cement-reinforced sludge by submerged circular impinging turbulent jet. With an 
increasing of either RS fibers content or cement content, the permeability coefficient of 
the modified-sludge could reduce. Empirical equation was withdrawn to determine the 
results of permeability based on the value of the apparent water content after curing 
of the composite (wac). Moreover, the results indicated that the scour dimensions 
appeared to be a linear relation with the logarithm of time for the majority of the 
growth of the scour hole. Scour depth decreased with either increasing of amount of 
cement or fiber materials, or decreasing of initial water content. In most conditions, the 
inclusion of RS fibers could reduce the scour distance better than PP. The modified-
sludge did not erode in one manner, but showed a number of different types and the 
“mass erosion” was the dominant erosion type. The τc increased by increasing either 
cement or fiber materials. Moreover, the kd reduced by increasing of either cement or 
fiber materials. An inverse relationship between τc and kd was observed, where soils 
exhibiting a low τc had a high kd and soils having a high τc tended to have a low kd. A 
power law correlation was obtained where kd was estimated as a function of τc. 
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5.2 Contributions to knowledge 
The research outcomes are expected to contribute to new methods to deal with 
the sludge in Mekong delta as sustainable development. The contributions to the 
knowledge obtained in this research could be summarized as follows: 
 Empirical functions were proposed to obtain optimum value for cement and 
RH or RS fibers content. 
 Numerical models were developed to predict the value of unconfined 
compressive strength, permeability, soil loss by rainfall.  
 Within 1 year there was no deterioration in RS fiber-cement-reinforced 
sludge.  
 Scour erosion of modified-sludge were studied and proposed a correlation 
between τc and kd.  
 It proved that rice husk and rice straw could be applied to recycle sludge in 
Vietnamese Mekong delta with the “Fiber-cement-stabilized soil method”. 
5.3 Recommendations 
For future prospective, some recommendations are listed as follows: 
 More study should be carry out to find out the way to improve the durability 
performance in term of long-term and repeated drying-wetting. Moreover, it 
is needed to study the mechanism of deterioration process in long-term 
condition and propose the life of the modified-sludge.  
 The study has been performed for only few types of soil. It is recommended 
to examine the study with more types of soil and with real sludge in Mekong 
delta. 
 It is necessary to understand how a soil will erode for different clay contents 
and clay minerals. However, it is needed to compare the results from the test 
with the erosion in real cases.  
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Although the RH-cement-reinforced sludge has low durability in repeated drying-
wetting, it could be applied as road foundation and as backfilling materials by covered 
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A.1 Introduction 
In soil-related construction works, there are two methods could be applied for 
making specimens. The first method is conventional compaction method. Second one 
is placing method. Placing method is developed based on the “Liquefied stabilized soil 
method” (LSS). This is a method that excavated soil/sludge is thoroughly mixed with 
water (or muddy water) and cementing material and then placed in space where back 
filling is necessary. This method is very simple to apply on site except a mixing design 
specification and a mixing machine [1].  LSS achieves enough strength without 
compaction [2]. It deals with any kinds of soils, including a cohesive soil with high 
water contents. Figure A-1 shows the applications of LSS: a) is for duct and b) is for 
retaining wall. 
  
Figure A-1 Applications of LSS 
-A 
Strength and durability of rice husk-
cement-reinforced sludge with placing 
method 
a) b) 
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The concept of LSS is that in order to ensure that stabilizer may be mixed evenly 
with cohesive soil containing a large quantity of fine grains, mixing can be facilitated 
by turning the cohesive soil into slurry by increasing its water content. In this case, 
voids in the mixture will be saturated with water. Therefore, such mixture cannot be 
compacted, but can only be used to fill spaces closely due to its liquidity. After 
hardening, LSS achieves enough strength (like placing concrete into a form) [2].  
In comparison with back filling sand and compaction method, LSS method is 
becoming attractive due to following reasons: 
 Ensure stabilizer can be mixed evenly with cohesive soil containing large 
quantity of fine grains. 
 Deal with any kinds of soils, including cohesive soil with high water contents. 
 Apply for narrow space where back filling with sand and compaction are 
barely possible. 
A typical system of LSS is shown in Figure A-2 [3]. Excavated soil/sludge is carried 
to LSS plant. After screening, it is moved to mixing process. Flow and bleeding rate were 
controlled by adding water. Then, cement is added at designing amount and pumped 
to truck to transport to backfilling sites.  
 
Figure A-2 LSS procedure [3] 
Furthermore, the dredged-sludge can be utilized by pipe-line sludge mixing 
method. It is getting popularized in Japan nowadays. The system is called “Kanro Mixer” 
[2]. It has developed as a kind of the pipe-line soil mixing methods. It can be installed 
along with dredging pipe-line and feeder devices for mixing materials. Figure A-3 is the 
pipe-line system. Figure A-4 shows photos of real projects in Japan.  
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Embankment construction in progress 
 
Completed embankment 
Figure A-4 LSS real projects in Japan [2] 
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However, LSS method shows some disadvantages such as low durability for 
repeated drying-wetting and brittleness. In the section, experiments were carried out 
to investigate the applicability of combining “Fiber-cement-stabilized soil method” and 
“Liquefied stabilized soil method” to recycle sludge. To use as backfill materials with 
combination of the two methods, the modified-sludge was required to satisfy some 
parameters such as enough workability, failure strength, and failure strain. The 
parameters were decided based on purposes of the site and produced through a proper 
mixing proportion after a certain combination of soil tests.  
The workability was evaluated by “flow value” and “bleeding rate”. Flow value is 
spread diameter of the modified-sludge originally set in and vertically released from a 
cylinder of 8 cm in height and 8 cm in diameter. If the flow value is large, the material 
has enough flowability. The bleeding rate is defined as the ratio of the volume of water 
that is released by bleeding to the original volume of the paste (modified-sludge). If the 
bleeding rate is large, material segregation is high and the quality of materials is low. 
Therefore, the material should have “high flowability” and “low bleeding rate”. Only 
rice husk was selected to perform with placing method due to modified-sludge with 
rice straw fibers has low flowability. 
A.2 Materials 
The experiments were conducted with Japanese RH only. And Geoset-200 cement 
was used. Two kinds of imitated-sludge were applied: sludge type 1 and sludge type 3. 
Sludge type 1 was same with sludge type 1 in chapter 2. Sludge type 3 was made by 
mixing Tochi clay and silt with its mass ratio of 2:3, respectively. Grain size 
distributions of the imitation sludge type 1 & 3 are shown in Figure A-5 and Table A-1. 
The plastic index of sludge type 1 is greater than sludge type 3. The difference was from 
the mechanical and chemical differences between Kasaoka and Tochi clay. The liquid 
limit of Tochi clay was less than Kasaoka clay one. Therefore, Tochi clayey soil was 
easily liquefied. The chemical components of Kasaoka clay, Tochi clay, and silt are 
shown in Table A-2. The amount of aluminum mineral in Kasaoka clay is greater than 
the one in Tochi clay. Compared to silica mineral, the aluminum mineral can be absorb 
more water [4][5]. Therefore, the excess water in the modified-sludge made by 
Kasaoka clayey soil is lower than that in the modified-sludge made by Tochi clayey soil.  
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Figure A-5 Grain size distribution of sludge type 1 & 3 
Table A-1 Physical and mechanical properties of sludge 
Sludge properties 
Type 
Type 1 Type 3 Kasaoka clay Tochi clay 
D50 (µm) 17.2 20.1 5.4 13.1 
Density of soil particle c (kg/m3) 2467 2517 2741 2675 
Liquid limit, LL (%) 46.1 48.2 53.8 28.8 
Plastic limit, PL (%) 29.4 37.9 11.1 9.2 
Plastic index, PI (%) 16.7 10.2 42.7 19.7 
Table A-2 Chemical components of clays and silt 
Element Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 
Silt (%) 1.97 0.28 12.88 77.85 2.42 1.89 0.11 0.07 2.08 
Kasaoka clay (%) 1.48 0.81 20.22 69.07 2.75 0.91 0.63 0.03 5.46 
Tochi clay (%) 0.42 1.71 10.54 78.56 2.29 1.29 0.53 0.25 5.23 
 
A.3 Experimental results and discussions 
Placing method was applied to make specimens. Two types of experiments were 
carried out. They were strength characteristics and durability in repeated drying and 
wetting. 
A.3.1 Strength characteristics 
(1) Experimental apparatus 
The experimental apparatus to examine the workability are shown in Figure A-6 
and Figure A-7. The cylinder (8 cm in height and 8 cm in diameter) was used for flow 
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Figure A-6 Flow test apparatus 
 
Figure A-7 Bleeding test 
apparatus 
 
Figure A-8 Plastic mold 
 
For making specimen, plastic mold was used. Figure A-8 shows the plastic mold. 
The mold is 100 mm in height and 50 mm in inner diameter.  
(2) Experimental procedures 
Firstly, flow value and bleeding rata were tested. Then, unconfined compressive 
tests were carried out. Testing procedures are as follows and shown schematically in 
Figure A-9. 
 Imitated-sludge was made.  
 Cement and rice husk were added to make modified-sludge. 
 The modified-sludge is poured into plastic cylinder. Then, the spread 
diameters of the modified-sludge which is vertically released from the 
cylinder were measured. The flow value (F) was average value of the spread 
diameter on two directions (in the xy-plane).  
 The modified-sludge was poured into plastic bags (5 cm in diameter) and kept 
for 3 hours. After 3 hours, the depth of the water layer at surface’s top was 
measured, and then the bleeding ratio was calculated by 2  100 / (4 )B D h V . 
Where, B is bleeding rate (%), D is plastic bag diameter (mm), h is depth of the 
water layer on the surface of the soil (mm), and V is original volume of the 
paste (mm3). 
 Determine satisfied conditions of from flow value and bleeding rate tests.  
 Making specimens with plastic mold and carefully packed into curing machine 
at 20 ± 30C for 7days. 
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Curing at 20 ± 30C
7 days
Pour into plastic 
mold
 
Figure A-9 Testing procedure of placing method 
Table A-3 Target values for testing with placing method 
Items Value Unit 
Flow value ≥ 100.00 (mm) 
Bleeding rate ≤ 1.00  (%) 
Failure strength ≥ 100.00 (kPa) 
Failure strain ≥ 4.00 (%) 
Target values for the test are shown in Table A-3. Target values for flow value and 
bleeding rate were recommended based on experimental results from actual projects 
in Japan. Target value of failure strength was set to ≥ 100kPa. The target value for 
failure strain was set to 4%. Compared to the target value for failure strain with 
compaction method (more than 5%) this target value was lower. That was because 
with placing method the modified-soil seemed more homogeneous and became the 
modified-soil harder. Although, the target value was lower than 5% but it still greater 
than failure strain in Cement-stabilized soil method (1 to 2% [6]).  
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(3) Results and discussions 
a) Strength of imitated-sludge type 1 
Testing conditions are shown in Table A-4. Figure A-10 shows the results of 
bleeding rate and flow value. Flow value & bleeding rate decreased with increasing raw 
RH due to RH water absorption properties. It indicated that at same cement and RH, 
the bleeding rate and flow value increased with increasing water content.  
Compared to two target values for flow value and bleeding rate, several initial 
mixing conditions were satisfied, and they are shown in Table A-5. Unconfined 
compression tests were carried out with specimens which were made under the 
conditions shown in Table A-5. 
Table A-4 Mixing conditions for testing with sludge type 1 by placing method 




Rice husk content 
(kg/m3) 
85 
60 60, 70, 80 
65 70, 80, 90 
70 60, 70, 80 
90 
60 60, 70, 80 
65 70, 80, 90, 100 
70 60, 70, 80 
95 
65 70, 80, 90, 100 
70 70, 80, 90 
80 70, 80, 90 
100 
70 80, 90, 100 
75 70, 80, 90 
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Table A-5 Mixing conditions for unconfined compressive test of sludge type 1 




Rice husk content 
(kg/m3) 
85 
60 60, 70, 80 
65 70, 80, 90 
70 60, 70, 80 
90 
60 60, 70, 80 
65 70, 80, 90, 100 
70 60, 70, 80 
95 
65 70, 80, 90, 100 
70 70, 80, 90 
80 70, 80, 90 
100 
70 80, 90, 100 
75 70, 80, 90 
85 80, 90,100 
Figure A-11 shows results of unconfined compression tests. Effects of increasing 
raw RH adding on failure strength could be expressed in two different tendencies. They 
were decreasing and increasing of failure strength.  
The decreasing tendency of failure strength was observed from the failure 
strength results at lower cement content conditions. It could be because the amount of 
cement was not enough to make linking forces. 
The increasing of failure strength with increasing of RH content could be seen 
from 95% initial water content with 80kg/m3 cement content and also from 100% 
initial water content with 85kg/m3 cement content. This tendency could be explained 
by ability of RH’s compression strength. At high cement content condition, cement 
hydration made bonding forces enough between sludge particles and RH materials. 
Therefore, RH could contribute to compression strength of the modified-sludge. 
Most cases of RH inclusion increased failure strain of the modified-sludge. In 
order words, it reduced the brittleness of the modified-sludge.  
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Compared to two target values for failure strength and strain, several testing 
conditions satisfied. The optimum condition was defined as the lowest additive amount 
of adding materials into the sludge that satisfy four target values (flow value, bleeding 
rate, failure strength, and failure strain). The optimum conditions are shown in Table 
A-6. 
Table A-6 Optimum conditions for sludge type 1 
Initial water content (w) 
(%) 
Cement content (C) 
(kg/m3) 














Two empirical equations to predict optimum Japanese RH content and cement 
content were obtained. Figure A-12 shows the correlations between the initial water 
content and optimum adding materials. The optimum additive amount of RH and 




Figure A-12 Optimum graphs for sludge type 1 
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b) Strength of imitation sludge type 3 
Testing conditions are shown in Table A-7. Figure A-13 shows the results of 
bleeding and flow tests. As same with modified-sludge type 1, the flow value and 
bleeding rate of modified-sludge type 3 decreased with increasing RH content as well 
as cement content.  
Table A-7 Mixing conditions for testing with sludge type 3 by placing method 




Rice husk content 
(kg/m3) 
75 60 60, 70, 80 
80 
60 70, 80, 90 
65 70, 80, 90 
70 70, 80, 90 
85 
60 70, 80, 90 
65 70, 80, 90 
80 70, 80, 90 
90 
65 80, 90, 100 
70 80, 90, 100 
80 70, 80, 90 
The results of unconfined compressive strength of the modified-sludge type 3 are 
shown in Figure A-14. The raw RH inclusion increased failure strain of the modified-
sludge type 3. In order words, it reduced the brittleness of the modified-sludge. The 
effects of RH inclusion on failure strength of the modified-sludge type 3 could be 
expressed in 2 tendencies. There were decreasing and increasing of failure strength.   
Compared to two target values for failure strength and strain, the optimum 
conditions of cement content and RH content were obtained and was shown in Table 
A-8.  
Table A-8 Optimum conditions for sludge type 3 
Initial water content (w) 
(%) 
Cement content (C) 
(kg/m3) 














Two empirical equations to predict optimum Japanese raw RH content and 
cement content were obtained. Figure A-15 shows the relationship between the initial 
water content and optimum adding materials.  
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Figure A-15 Optimum graphs for sludge type 3 
 
 
Figure A-16 Optimum graphs for sludge type 1 and type 3 
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Two pairs of empirical equations were obtained. Figure A-16 shows that, with 
Tochi clayey sludge, the placing method could apply at lower initial water content than 
Kasaoka clayey sludge. This was because the plastic index of Tochi one was lower than 
the plastic index of Kasaoka one. At the same initial water content condition, a 
necessary amount of cement and RH content of Tochi one were higher than Kasaoka 
one. From the results, it indicated that the optimum conditions for adding materials 
(RH and C) into the modified-sludge depended on initial water content sludge, RH 
content, C content, and plastic index.  
A.3.2 Durability characteristics 
(1) Experimental apparatus 
The placing method was conducted to make specimens. And the unconfined 
compression tests were performed to evaluate the effects of repeated drying and 
wetting on failure strength, failure strain, and soundness performance of modified-
sludge. So that the experimental apparatus were discussed on previous sections. 
(2) Experimental procedures 
Testing procedure is described and shown in Figure A-17. 
 Cement and rice husk were added to make modified-sludge. 
 The modified-sludge was poured into plastic mold and carefully cured at 20 ± 
300C for 28 days. 
 Carry out the tests. 






Curing at 20 ± 30C 
28 days
Drying 40 ± 30C: 2 days
Wetting 20 ± 30C: 1 days
Mixing
 
Figure A-17 Procedure of repeated drying and wetting test with placing method 
(3) Results and discussions 
One optimum condition was carried out and showed in Table A-9. 
Table A-9 Mixing condition for durability test of placing method 
Initial water content (w) 
(%) 
Cement content (C) 
(kg/m3) 
Rice husk content (RH) 
(kg/m3) 
90 64 70 
The target values for the test were set that the failure strength after 10th cycle 
should be more than 90% of failure strength at 0th cycle [7] and ≥ 100 kPa for failure 
strength and ≥ 4% for failure strain. Figure A-18 shows the soundness of specimen. 
Figure A-18 shows that the maximum of cyclic number was 6 cycles. The 
soundness performance of the specimen showed that specimens could keep rank-A 
almost 2 cycles and after that it significantly decreased till rank-D. Therefore, it did not 
satisfy the target value for soundness performance. Figure A-19 shows the results of 
unconfined compression tests. After 4 cycles, the failure strength still satisfied target 
values. However, the failure strain at every cycle did not satisfy the target value. So that, 
it did not satisfy the target values for failure strength and failure strain. 
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A.4 Conclusions 
Several types of materials, such as imitation sludge, cement, and raw rice husk, 
were applied for several experiments. In this chapter, placing method was applied to 
make the specimens. Two types of experiments were carried out to evaluate the effects 
of raw rice husk on strength characteristics and durability under repeated drying and 
wetting condition.  
For studying on strength characteristics of modified-sludge, two kinds of 
imitation sludge were studied. In these tests, each mixing condition had to satisfy four 
target values, there were bleeding rate, flow value, failure strength, and failure strain. 
For each type of imitation sludge, two equations were obtained to predict the optimum 
additive amount of cement and rice husk content.  
For studying on durability for repeating drying and wetting condition, only one 
mixing condition was tested because of limited of time. And the results showed that it 
did not satisfy the target values for this test. It was significantly deteriorated.  
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B.1 Introduction 
In the section, the process of soil erosion by artificial rainfall will be described. Its 
mechanism is known as rainfall simulators. It is a technique of applying water to plots 
in a manner felt to emulate some aspects of natural rainfall. It is a tool that has been 
used for many years in erosion, infiltration, and runoff research.  
Soil erosion – the loosening, detachment and transportation of soil particles from 
their initial position – can generally be attributed to natural processes such as rainfall, 
runoff, wind, and landslides, as well as to man’s activities which alter the natural 
protective cover of the ground surface [1]. It is a mechanical process that requires 
energy. Raindrop erosion is recognized as being responsible for four effects: 
disaggregation of soil particles, minor lateral displacement of soil particles, splashing 
of soil particles into the air (saltation), selection or sorting of soil particles by raindrop 
impact which may occur as results of the forcing of fine particles into soil voids causing 
the infiltration rate to be reduced and the splashing selection of detached soil particles. 
For the laboratory artificial rainfall simulator test, there are some advantages and 
disadvantages as follows: 
-B 
Rainfall erosion of rice straw-cement-
reinforced sludge 
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 The ability to carry out many experiments, measurements without having to 
wait for natural rain. 
 It could be able to eliminate the erratic and unpredictable variability of 
natural rain such as wind, transient rainfall intensity, and so on. And it is easy, 
quick, and simple to set up the apparatus and conduct experiments.  
 The disadvantages are all related to scale. The apparatus can only make the 
rainfall simulator for small area. However, the test may be suitable for studies 
of relative erodibility.  
 Most simulators do not produce drop-size distributions that are 
representative of natural rainfall. Also, it does not produce rainfall intensities 
with the temporal variations representative of natural rainfall. Some 
simulators do not produce drops that approach the terminal velocity of 
corresponding size drops of natural rainfall. The lower velocities, in 
combination with smaller drop-size distributions, result in lower kinetic 
energy than that produced by natural rainfall.  
There are few commercial suppliers of rainfall simulators so it usual for research 
workers to build their own. However, there is a huge amount of literature reporting the 
building and testing of rainfall simulators. Large simulators are expensive and need 
teams of trained operators, so it is outside the scope of this test, which will look at some 
simple and inexpensive simulators.  
Previous researchers mentioned that the mechanism of soil detachment by 
raindrop impact can be related to the shear strength of the soil. At the early stages of 
impact, a drop strikes and then spreads out in all directions at variable heights. And its 
mechanism depends on the characteristics of the soil’s surface and the thickness of the 
film of water covering the surface. The amount of penetration and spread depends on 
the soil’s surface conditions, especially its water content.  The soil under the impact 
area is strained vertically. The magnitude of this strain is proportional to the 
magnitude of the applied load and the area of its application as determined by raindrop 
size and velocity and by soil deformation characteristics as determined by its shear 
strength [2], [3]. As soil shear strength increases, the depth and the total volume of the 
soil detachment caused by the raindrop decreases. When the shear strength of soil 
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increases, the soil becomes more resistant to deformation under applied forces. 
Compressive stresses due to raindrop impact are transformed to shear stresses along 
the soil-water interface. The amount of splash soil depends on the amount of soil 
deformation during the early stages and on the cohesive forces resisting the shear 
stresses. Figure B-1 shows the schematic diagram of splash mechanism.  
 
Figure B-1 Schematic diagram of splash mechanism 
The effects of rainfall on soil loss have studied by some researchers and proposed 
some results that soil losses decreased with increasing aggregate size [4]. Soil loss was 
significantly lowest in the kaolinitic soil, highest in the montmorillinitic soils, and 
intermediate in the nonphyllosilicate soils [5]–[8]. Also, the splash erosion was 
increased with the increase in rainfall intensity [9] [10]. 
The purpose of this test is to investigate the relative erosion behaviors of RS fiber-
cement-reinforced sludge under artificial rainstorm. Further, an empirical function to 
predict the soil detachment will be obtained. 
B.2 Materials and procedures 
The test was performed with imitated-sludge type 1 Japanese rice straw, and 
GEOSET 200 cement.  
Laboratory artificial rainfall simulator was designed to simulate the effects of 
rainstorm on the erosion of modified-sludge. Figure B-2 is a sketch of the rainfall 
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formers were optimally spaced in equilateral triangular configurations to obtain an 
effectively uniform distribution of raindrops over the area exposed to rainfall. Intensity 
of rainfall was controlled by regulating the flow through the drop formers by means of 
a needle valve in the water supply line. 
 
Figure B-2 Sketch of rainfall simulator apparatus 
Testing procedure is described as follows and shown in Figure B-3. 
 Add RS fibers and cement to make modified-sludge then cure at 20 ± 30C for 
3 days. 
 Make specimens (5cm in diameter and 5.1cm in height) by compaction 
method. The specimens were compacted with four layers (5 times for the first 
layer, 10 times for the second layer, 10 times for the third layer, and 20 times 
for the final layer).  
 Cure the specimens for 7 days at 20 ± 30C then carry out the tests. 
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Curing at 20 ± 30C
3 days
Making specimen














Figure B-4 Rainfall simulator apparatus 
Figure B-4 shows the laboratory rainfall simulator: a) frame with applicator box 
at the top, b) water tank with rainfall intensity controller and pump, c) rain gauges, and 
d) applicator box.  
The soil specimen size is 50mm in diameter. It is designed to get effectively soil 
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 Rim effect (effect of boundary of specimen): when the specimen surface is 
lower than its container, the specimen becomes more difficult to be splashed 
out.  
 The wash-off effect: describes the effect of the water layer thickness on the 
specimen surface of splash cup following by soil loss caused by surface run-
off. If the size of specimen becomes larger, the run-off water velocity on the 
surface of specimen decreased. It becomes more difficult to wash-out the 
water. As results, the thickness of water layer on the surface gets thicker and 
it reduces the effect of rainfall.  
The impact energy of rain drop on soil erosion could be shown in the term of 
kinetic energy. The kinetic energy can be measured by several methods such as laser 
distrometer, optical spectro Pluviometer, and empirical functions. In this study, it is 
difficult to get laser distrometer and optical spectro Pluviometer to measure kinetic 
energy. Also, the empirical function of kinetic energy depends on many factors such as 
rain drop diameter, terminal velocity of rain drop, and so on. Therefore, in this study, 
the rainfall intensity and kinetic energy are set as a constant value. The testing 
conditions are changed by changing cement content, rice straw content, and initial 
water content of imitated sludge. The rainfall intensity was set to I = 500 mm/h. The 
drop size was approximately 3mm. 
B.3 Results and discussions 
Table B-1 shows testing conditions. Figure B-5 shows the results of rainfall 
erosion tests. The results showed that: 
 With increasing of cement content, the soil loss decreased. That was because 
the shear strength of cemented-composites increased.  
 Also, with increasing of RS fibers content, the soil loss decreased. This is 
because the RS fibers absorbed free water content in the composite. 
Therefore, density of the composites increased. Thus, the shear strength of 
the composites increased. Also, with adding of RS fibers, the specimen’s 
surface rate affected by raindrop decreased.   
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Table B-1 Mixing conditions for rainfall erosion tests 
Initial water content  
(%) 
Amount of cement 
(kg/m3) 
Amount rice straw 
(kg/m3) 
40 
5 0, 5, 10, 20 
10 0, 5, 10, 20 
15 0, 5, 10, 20 
60 
25 0, 5, 10, 20 
30 0, 5, 10, 20 
35 0, 5, 10, 20 
80 
40 0, 5, 10, 20 
45 0, 5, 10, 20 
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Because of limited of apparatus, deeper rainfall characteristics such as kinetic 
energy, fall velocity, changing of intensity and so on were not able to measure or change. 
Moreover, the rainfall intensity I = 500 mm/h was seem to be larger than normal 
natural rainfall in Vietnam [12] (usually between 100-300mm/h). However, because 
the height of the experiment’s apparatus is not so high. Therefore, the fall velocity is 
smaller than natural rainfall. That is why the intensity should be large. The results 
could be used for studying the relative changing of soil loss of fiber-cement-reinforced 
sludge. To apply the results for real case, more study should be carry out to get a factor 
which shows the difference between artificial rainfall and natural rainfall.  
Furthermore, a numerical model was developed to predict the value of soil loss 
forRS fiber-cement-reinforced sludge. The factors which affected to the soil loss value 
were the initial water content of sludge (w), amount of cement content (C), and amount 
of RS fiber content (RS). The combining effects of these parameters could be seen in 
two factors such as the ratio of C/w and RS/w. Second order two variables polynomial 
formula was applied. The formula is describes as follows. The constraint was p-value ≤ 
0.05.  
2 2
1 2 3 4 5 6
C RS C RS C RS
SL P P P P P P
w w w w w w
   
         
   
   
Where: SL: dried-soil loss (kg/m2), P1, 2, 3, 4, 5, 6: parameters, C: cement content 
(kg/m3), RS: rice straw fiber content (kg/m3), w: initial water content of imitation 
sludge (%). 
Some parameters with its p-value higher than 0.05 were eliminated.  Following is 
the proposed model with p-value ≤ 0.05. 
 
      
 
2
14.154 106.9 428.1 3432 2953
C RS RS C RS
SL
w w w w w
 
  
- 155 - 
B.4 Conclusions 
On the section, rainfall erosion characteristics of RS fiber-cement-reinforced 
sludge composites were investigated. Based on experimental data, some conclusions 
were discussed. 
The soil loss results showed that with an increasing of either cement content or 
RS content, the soil loss of the composites reduced. That was because its shear strength 
of increased. Furthermore, a numerical function was developed to predict the value of 
soil loss of the RS fiber-cement-reinforced sludge. The factors which affecting to the 
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